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Prior to the work of Green, Lewis, Nickerson and Heller (1944) on the 
quantitative measurement of vasomotor tone in the femoral vascular bed of the 
intact anaesthetized dog, the relationship between pressure and flow rate had 
been investigated mainly in isolated perfused organs (Fleisch, 1919; Whittaker 
and Winton, 1933; Pappenheimer and Maes, 1942). In these preparations the 
pressure-flow relationship was found to be linear for simple liquids, and in the 
work of Whittaker et al., for blood also. It was, however, recognized that the 
experimental straight line did not pass through origin, and that flow stopped at 
a significant positive pressure; this was thought to be artefact, due to oedema 
of the perfused limb. Because of this linear relationship, it was implied that 
Poiseuille’s equation was applicable to blood flow in peripheral vascular beds, 
the use of peripheral resistance (Pressure/Flow) as an index of vasomotor 
tone changes being based on this concept. 

Green et al., demonstrated a positive pressure-axis intercept in the intact 
dog, and further, that the pressure-flow curve in the physiological range of 
pressures was not linear, but in most experiments concave towards the flow 
axis. Thus, Poiseuille’s equation was not applicable, and the use of peripheral 
resistance as a measure of vasomotor tone change, when the mean pressure 
varied, was unsatisfactory. 

The work presented in this paper was an investigation into the nature of 
the pressure-flow curve in the femoral vascular bed of the unanaesthetized rabbit 
at rest and during varying phases of vasoconstriction, preliminary to its use 
as a measure of vasomotor tone changes in the anaemic animal (Darian Smith, 
1955a). 


METHODs. 


Hutch-bred rabbits, varying in weight from 2-1 to 3-0 kg., were used for all experiments. 
Operation. Intravenous thiopentone sodium (Pentothal) 12-18 mg. (25 mg./ml. saline) 
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was given and then a small local injection of 4 p.c. procaine hydrochloride. The general 
anaesthetic was very light and lasted only 15-20 minutes. The left femoral artery was 
exposed in the mid-thigh region, and a loop of Transflex tubing, 0-6 mm. internal diameter, 
inserted proximally and distally. Femoral arterial flow was intercepted for 2-3 minutes. 
Collateral circulation to the limb was occluded at the junction of the middle and upper thirds 
of the thigh by means of three overlapping deep sutures, avoiding, however, the femoral 
nerve and vein, and the sciatic nerve. The skin was resutured about the plastic loop, and the 
animal placed in the restraining bag and attached to the trolley previously described (Korner 
and Darian Smith, 1954). The animal was now awake and quite alert, and the experiment 
was begun one hour later. 

Flowmeter. A small calibrated bubble flowmeter (Bruner, 1948) constructed entirely of 
perspex and Transflex tubing was used. In the experiments described in this paper, the whole 
apparatus was surrounded by a water bath at 38° C., but later this was found to be unnecessary. 
The flowmeter, when not being used, could be by-passed by means of two perspex taps inter- 
posed in the Transflex loop inserted into the femoral artery. 

Pressure measurement. A Hansen variable capacity manometer electrically damped was 
used to measure the mean arterial pressure at the distal end of the arterial loop. 

Pressure-flow curves. The femoral arterial inflow was controlled by a small screw clip. 
All pressure and flow measurements were made simultaneously two minutes after regulating 
the pressure to the required level. Between each measurement the flow was unobstructed for 
approximately one minute. Usually 10-15 observations were made for the control curves, but 
fewer were made during the period of l-noradrenaline infusion because of the time factor. 

l-Noradrenaline infusion. 1-Noradrenaline bitartrate (Levophed, Stearns) was made up 
in sterile saline immediately before use and given intravenously into the marginal ear vein, 
using a Standard Murphy drip apparatus. Dosage was varied by varying the concentration 
of the solution. The rate of infusion was 0-3-0-5 ml./minute. Dosage of 1l-noradrenaline is 
expressed as base in this paper. 

Anticoagulant. Immediately before inserting the arterial loop 500 units of heparin 
(Pularin, Evans) were given, and approximately 300 units each half hour after this. 

Haemoglobin estimations were made using the cyanhaemoglobin method of Drabkin and 
Austin (1935). Haematocrits were estimated in triplicate and spun for 1 hour at 3,000 
revs./minute with a standard 15 cm. centrifuge head. 

Statistical methods. Methods used in this paper are fully described by Fisher (1950) 
and Quenouille (1952). Mean values are expressed together with their standard deviation. 


RESULTS. 


Pressure-flow curves in the resting unanaesthetized animal. 


Stability of the preparation. It was early noticed in these experiments that 
the flow at any particular pressure in an animal tended to decrease progressively 
after the insertion of the plastic loop. To determine the importance of this 
factor pressure-flow curves at 1, 2, 3 and 4 hours after completing the operation 
were made in two animals. Fig. 1 demonstrates the relationship between femoral 
arterial flow, pressure and time after the operation. In the graph it is seen that 
at any particular pressure there was a progressive fall in flow over four hours. 
Thus, at a mean pressure of 70 mm. Hg., the mean flow between the first and 
second hour fell from 1-04 ml./min. to 0-95 ml./min., which in this small series 
was not significant. To reduce the time factor to a minimum all experiments in 
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this and the following paper were done between one and two hours after com- 
pleting the operation. Usually no more than a half hour separated the estimation 
of the two pressure-flow curves. No actual correction was made in the data for 
the effect of time. 
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Fig. 1. Femoral arterial pressure- 
flow curves in the unanaesthetized 
rabbit (mean wt. 2-5+0-3 kg.) at 1, 
2, 3 and 4 hours after completion of 
operation. 


The cause of this progressive vasoconstriction was not obvious, for the 
general condition of the animal apparently remained unchanged, the animal 
remaining alert, and the systemic pressure not changing. Green et al. (1944) 
also observed this progressive vasoconstriction in the anaesthetized dog. 

Control pressure-flow curves. Pressure-flow curves were determined in 17 
unanaesthetized animals one hour after completion of the operation. The mean 
weight of these animals was 2:6+0-3 kg. and the mean haematocrit was 34-6+3-6, 

When considering the relationship between pressure and flow in a group 
of animals much of the variation between animals was due to factors difficult to 
measure, such as differences in the size of the vascular bed due to the size of the 
limb or to local anatomical variation. In these experiments the main interest 
was directed towards the pressure-flow relationship within animals, and, for this 
reason, variation between animals was eliminated statistically (Table 1). Green 
et al. (1944) found that a logarithmic transformation for pressure and flow was 
satisfactory for representing in a linear form most femoral pressure-flow curves 
in the dog. Such a transformation was found to be very efficient for the present 
series of curves, accounting for about 85 p.c. of the total variance within animals 
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TABLE 1. 
Factors affecting femoral arterial flow: effects of arterial pressure, time, and rate of 1-noradrenaline 
































infusion. The interrelationship in each series is expressed as a multiple regression equation of 
the form:—Y = a+b, log P+b, log M. 
Partial Regression Coefficients di 
Number of 
= Observations a log P log M 
§ log 100F 190 —1-773 1-991*** ; 
+ log 100F 50 —1-811 2-065** —0-262** 
t log 100F 299 —1-841 1-671*** —1-771*** 
ese P<0-001. , 


oe P<0-0i. 

§ Variance between animals has been removed by analysis of covariance. 
+ M = time in hours after completing operation. 

~ M = (1-noradrenaline infusion rate (mp/min.) +10). 
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Fig. 2. Control femoral arterial A : 
pressure-flow curve in the unanaesthe- Fig. 3. The relationship between 
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(Table 1). In fig. 2 the mean relationship within animals between femoral 
arterial flow and pressure has been plotted. The interesting characteristics of 
the curve are its non-linearity, being concave to the flow axis, and the positive 
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intercept of the pressure axis when extrapolated. It will be noticed that the 
pressures are mean arterial pressures, and not arteriovenous pressure differences 
which would be theoretically more desirable. However, the pressure axis inter- 
cept is at a higher level than the femoral venous pressure. 

That the operative interference with the femoral vessels and nerves did 
not interrupt reflex vasomotor regulation was apparent on comparing these 
curves with pressure-flow curves determined shortly after severing the femoral 
and sciatic nerves (Darian Smith, 1955b). In these latter animals the femoral 
vascular bed was relatively much dilated. 

In fig. 3 the peripheral resistance of the vascular bed (Pressure in 
mm. Hg./Flow in ml./min.=Peripheral Resistance in P.R. Units), determined 
from the mean curve of fig. 2, has been plotted against mean arterial pressure. 
In addition the corrected peripheral resistance, in which the arteriovenous 
pressure difference has been used in the calculation, is plotted, assuming femoral 
venous pressure to be 10 mm. Hg. The directional change was similar. There was 
a progressive rise in peripheral resistance as the pressure head fell. There was 
no abrupt rise as has been reported by Nichol, Girling, Jerrard, Claxton and 
Burton (1951). 


Pressure-flow curves during intravenous l-noradrenaline infusions. 


After determining a control pressure-flow curve and running the infusion 
for ten minutes a second curve was constructed. 1-Noradrenaline dosage was 
varied from 0-6 yug./min. to 15 pg/min. 
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Fig. 4. The interrelationship between femoral arterial 
flow and the independent variables, arterial perfusion 
pressure and intravenous l-noradrenaline infusion rate. 
On the left, heavy lines are pressure-flow curves. At 
l-noradrenaline infusion rates of 0, 4, 10 and 15 
ug./min. Pressures of 30, 60 and 100 mm. Hg. are 
indicated by dotted lines. On the right, heavy lines 
demonstrate the effect of increasing the 1-noradrenaline 
infusion rate on the femoral arterial flow, at constant 
perfusion pressures of 30, 60 and 100 mm. Hg. respec- 
tively. 
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The effect of increasing the dosage of i-noradrenaline on the pressure-flow 
curve is shown in fig. 4. At each pressure head there was a progressive fall 
in blood flow with increasing l-noradrenaline infusion rate. Under such condi- 
tions this indicated a progressive active vasoconstriction. The effect was very 
marked at infusion rates less than 5 »g./min., but at higher dosage the additional 
response fell off. 


In Green’s experiments the slope of the logarithmic transformation, 
log (Flow)=a+b log (Pressure) increased with increasing vasoconstriction. To 
determine if this were so in the present series, the regression equation was 
caleulated in the form :— 


log (Flow) =a+(b+e log Ap) log (Pressure)+d log Ap 
i.e., in the form 
Flow=k (Ap)!(Pressure) ™+® !s Ap 


where a, b, ¢, d, k, 1, m, and n are constants, and Ap=I-noradrenaline dosage. 
There was a significant increase in the partial regression coefficient of log 
(Pressure) as the l-noradrenaline dosage increased. However, the additional 
variance accounted for by this second term was not significant, and for this 
reason it was omitted. 


In fig. 5 the interrelationship between peripheral resistance, pressure, and 
l-noradrenaline dosage is illustrated. The differentiation of the passive and 
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Fig. 5. The interrelationship between femoral peri- 
pheral resistance and the independent variables, arterial 
pressure and ]-noradrenaline infusion rate. On the left 
heavy lines demonstrate the effect of increasing the 
l-noradrenaline infusion rate on peripheral resistance at 
arterial pressures of 30, 60 and 100 mm. Hg. respec- 
tively. On the right the heavy lines demonstrate the 
effect of an arterial pressure change on the peripheral 
resistance at l-noradrenaline infusion rates of 0, 4, 10 
and 15 ug. respectively. The active and passive changes 
in peripheral resistance are thus differentiated. 
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active changes in peripheral resistance with changes in femoral pressure and 
]-noradrenaline infusion rate is readily seen. Again there was no abrupt rise in 
the peripheral resistance at any particular ]-noradrenaline dosage, with falling 
mean femoral pressure. 


DISCUSSION. 


The pressure-flow curves obtained in unanaesthetized rabbits had the same 
characteristics as those obtained by Green et al. (1944) and Levy and Frankel 
(1953) in anaesthetized dogs, and Doyle (1953) in the hind quarter of rats. 
The present experiments do not help in elucidating the importance of the separate 
factors contributing to the non-linearity of the curve. It seems probable that 
in the lower part of the pressure-flow curve, the rapid fall in peripheral resist- 
ance with rising intra-arterial pressure was due to the opening up of previously 
collapsed arterioles. On the other hand, at high pressures the slower fall in 
resistance with rising intra-arterial pressure was probably due to overall passive 
dilatation of the vascular bed. 


Vasomotor tone changes in the early stages of the intravenous infusion of 
l-noradrenaline were not measured, but after ten minutes, in no experiment did 
vasodilatation occur as has been reported in the cat (McDowell, 1950) and in 
the dog (Imig, Randall and Hines, 1952). However, these results in the rabbit 
do agree with the findings of other workers in man (Goldenberg, Pines, Baldwin, 
Greene and Roh, 1948; de Largy, Greenfield, MeCorry and Whelan, 1950), and 
eats (Burn and Hutcheon, 1949; Cobbold and Vass, 1953), who found intra- 
venous |-noradrenaline infusions to have a purely vasoconstrictor effect. 


It is seen from these experiments that by constructing full pressure-flow 
curves, active and passive changes in peripheral resistance could be differenti- 
ated, and hence vasomotor tone changes determined. This technique was sub- 
sequently applied to such a problem in anaemic animals. 


SUMMARY. 


Pressure-flow curves were constructed for the femoral vascular bed in 
unanaesthetized rabbits. The characteristics of the curve in the normal rabbit 
were similar to those previously reported in the intact dog, being concave to 
the flow axis, and having a positive pressure axis intercept. 


Intravenous I-noradrenaline infusions consistently produced vasoconstric- 
tion, the effect increasing with increasing dosage over the range 0-15 y»g./min. 
Differentiation of active and passive changes in the peripheral resistance of the 
femoral vascular bed was demonstrated in these animals. 


Acknowledgments. I wish to thank Dr. F. C. Courtice, in whose laboratory this work 
was done, for continued encouragement and help. Frederick Stearns & Company generously 
donated the l-noradrenaline bitartrate (Levophed) used in this work. 
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In a previous paper (Darian Smith, 1954), the increase in cardiac output 
in severely anaemic rabbits was described, the findings being similar to those 
previously reported in man (Sharpey-Schafer, 1944). Associated with this rise 
in cardiac output, considerable adjustments in the peripheral circulation must 
oceur, probably playing a part in its regulation. Abramson, Fierst and Flachs 
(1943) reported increased flow in the forearm of anaemic patients but reduced 
flow in the hand. Bradley and Bradley (1947) reported decrease in renal blood 
flow in anaemic patients. It seems probable that the regional circulatory 
responses to anaemia vary considerably, depending on the local metabolic 
requirements. 


The experiments reported here, deal with the circulatory responses of the 
femoral vascular bed to anaemia of varying severity in the unanaesthetized 
rabbit. Vasomotor tone changes were investigated by construction of pressure- 
flow curves, as described in the previous paper (Darian Smith, 1955). 


METHOps. 


All experiments were done on hutch-bred rabbits, varying in weight from 1-7 to 2-9 kg. 


Production of anaemia. The rabbits were bled 14 ml./kg. daily from the marginal ear 
vein until the required level of anaemia was reached. No animal was bled on more than 
four successive days. 


Anaesthesia. Intravenous thiopentone sodium (Pentothal, dosage 6-18 mg.) together 
with one half p.c. procaine hydrochloride injected locally was used as previously described. 
At the time of the experiment the animal was fully recovered and alert. 


Operation. The insertion of the Transflex loop in the left femoral artery, after the 
injection of heparin, was done as described in the previous paper (Darian Smith, 1955). Flow 
measurements, with a bubble flowmeter, and mean pressure measurements with a Hansen 
condenser manometer, were also done as described in that paper. 





1This work was carried out with the aid of a grant from the National Health and Medical 
Research Council, Canberra. 
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Relative viscosity measurements. A high velocity viscometer of the Hess type was used. 
The capillary was 3 cm. long with a mean radius of 0-137 mm. All measurements were made 
at 38°C. Blood flow rates were compared with that of distilled water at the appropriate 
pressure head. 

Blood volume estimations. These were made using the T-1824 dye method as previously 
described (Darian Smith, 1954), the dye being extracted from plasma by a modification of 
Allen’s method (1951). 25 p.c. Teepol was used as the detergent. Haemoglobin estimations 
were made using the cyanhaemoglobin method (Drabkin and Austin, 1935). 

Details of statistical procedures used are fully described by Quenouille (1952) and Fisher 
(1950). In expressing mean values the standard deviation is stated throughout. 


RESULTS. 


Pressure flow curves in “chronic” haemorrhagic anaemias. 


Twenty rabbits were bled. daily to produce a graded series of anaemic 
animals. Experimental estimations were made 20-30 hours after the last 
haemorrhage. The mean weight of these animals was 2-3+0-35 kg. The animals 
were chosen so that the mean weights of the ten animals with a haematocrit 
above 25 p.ec. did not differ significantly from the more anaemic group (haema- 
tocrit>25 p.c., mean weight 2-32+0-34 kg.; haematocrit <25 p.c., mean weight 
2-27+0-39 kg.). Resting mean pressure and blood flow rates were measured 
and then a pressure-flow curve constructed for each vascular bed. 

The relationship between the mean femoral flow and the independent 
variables, mean femoral arterial pressure, and haematocrit are illustrated in 
figs. 1 and 2, and the corresponding regression equations in Table 1. It was 
shown in the previous paper that the relationship between pressure and flow 
in the normal femoral vascular bed was represented efficiently by a straight 
line when the two factors were expressed as logarithms. This transformation 
has again been used, and the logarithmic relationship is seen in fig. 1. Thus 
this relationship is of the form, flow=kP?7®®, where k is a constant at any 
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arterial flow and the independent variables, 

Fig. 1. Mean femoral pres- perfusion pressure and haematocrit. On the 
sure-flow curves at haematocrits left heavy lines are pressure-flow curves at 
of 15, 25 and 45 p.c. respec- haematocrit levels of 15, 25 and 45 p.c. respec- 


tively. On the right heavy lines demonstrate 
the effect on flow of a change in haematocrit 
over this range at constant pressures of 30, 60 
and 90 mm. Hg. respectively. 


tively. These are plotted log- 
arithmically. 
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TABLE 1. 


‘Chronic’ anaemia: factors affecting femoral arterial flow, femoral peripheral resistance, and 


relative viscosity (in vitro). The interrelationship in each series is expressed as a multiple regression 
equation of the form:— Y = a+b, log P+b, log Het. 
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Partial Regression Coefficients 
Number of 
Y Observations a 
log P log Het. 
log 100F 198 0-530 1-780*** —1-342*** 
log P.R. 198 1-675 —0-726*** 1-130*** 
log 10n 198 0-940 —0-107*** 0-459*** 

















eee P<0-001. 

F = mean femoral arterial flow (ml./min.). 

P = mean femoral arterial pressure (mm. Hg.). 
Hct. = haematocrit (per cent.). 

P.R. = femoral peripheral resistance (P.R.U.). 
7 = relative viscosity (water = 1). 


particular haemoglobin concentration. The relationship of these factors, ex- 
pressed directly, is shown in fig. 2. 

At any particular mean femoral pressure, figs. 1 and 2 show that a fall 
in haematocrit was accompanied by increased femoral flow, the effect being most 
marked at the higher pressures. Possible factors which contributed to this effect 
were (a) accompanying reduction in the viscosity of the blood, and (b) active 
increase in the size of the arteriolar bed, i.e., vasodilatation. 

Relative viscosity measurements were made in vitro, on blood samples taken 
at the time of constructing the pressure-flow curves, at all pressures used in 
these curves. The relative viscosity was found to be highly correlated with the 
pressure head and haematocrit, as shown in fig. 3 and Table 1, and for this 
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Fig. 3. The interrelationship between rela- 
tive viscosity (in vitro) and the independent 
variables, perfusion pressure and haematocrit. 
On the left heavy lines demonstrate the effect 
of a change of haematocrit from 15 to 45 p.c. 
at perfusion pressures of 30, 60 and 90 mm. 
Hg. respectively. On the right heavy lines 
demonstrate the effect of a change of perfusion 
pressure on relative viscosity at haematocrit 
levels of 15, 25 and 45 p.c. respectively. 
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reason no significant separate relationship to femoral arterial flow could be 
established statistically. Whittaker and Winton (1933) and, more recently, 
Levy and Share (1953) have demonstrated the inapplicability of in vitro 
measurements of relative viscosity directly to flow in the living vascular bed, 
owing to the anomalous flow of blood in fine tubes, such as arterioles. The effects 
of pressure and haematocrit on the relative viscosity of blood in the femoral 
vascular bed of the dog are qualitatively similar to that shown in fig. 3, but 
much less. Thus, at a particular pressure, for a change in haematocrit from 
45 p.c. to 15 p.c. the in vivo relative viscosity changes only 10-15 p.e. and the 
flow increases by a corresponding amount. This figure is probably applicable 
to the rabbit’s femoral vascular bed. However, even applying directly the 
in vitro viscosity measurements it is seen that only about half of the flow 
increase occurring in the severely anaemic animals would be accounted for. 
Thus, the inference is that active vasodilatation occurred in response to increas- 
ing anaemia. 

Green, Lewis, Nickerson and Heller (1944) found that the logarithmic 
slope n in the relationship Flow=k (Pressure)" in the dog increases with increas- 
ing constriction. This was found to be the case also in the hind limb of the 
rabbit (Darian Smith, 1955). However, analysis of the present data, as described 
in that paper, failed to demonstrate progression of n towards unity with increas- 
ing vasodilatation, as Green described. 

Because of the previous finding (Darian Smith, 1954) of a significant 
relationship in anaemic animals between cardiac output and total blood volume, 
at any particular haemoglobin concentration, a similar relationship of this factor 
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Fig. 4. The interrelationship between femoral 
peripheral resistance and the independent vari- 
ables, perfusion pressure and haematocrit. On 
the left heavy lines demonstrate the effect of 
a change in haematocrit from 15 to 45 p.c. at 
constant perfusion pressures of 30, 60 and 
90 mm. Hg. respectively (active vasomotor 
change). On the right the effect of a falling 
perfusion pressure on the peripheral resistance 
at haematocrits of 15, 25 and 45 p.c. is demon- 
strated (passive dimensional change). 
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with femoral arterial flow was investigated. In this series it was found to be 
not significant; the regression equation is in Table 1. 

In fig. 4 the relationship between peripheral resistance (Pressure in mm. 
Hg/Flow in ml./min.=peripheral resistance, in P.R.U.) pressure and haematocrit 
is shown. At any particular level of anaemia there was a progressive rise in 
the peripheral resistance as the mean pressure fell, as was shown to occur in 
the normal and constricted vascular bed in the previous paper. In addition, at 
any particular pressure, as the haematocrit fell there was a fall in the peripheral 
resistance. The interaction of these opposing effects will obviously render 
hazardous the interpretation of isolated peripheral resistance measurements. 
This is discussed later. 


The effects of acute changes in the haematocrit and blood volume on the 
pressure-flow curve. 


Haemorrhage. In ten of the animals of the previous series, after measuring 
the pressure-flow curve, 10 ml./kg. of blood was removed over a period of ten 
minutes and then a second pressure-flow curve constructed immediately. Finally 
a blood volume estimation was made. Knowing the final red cell volume, the 
red cell volume removed by haemorrhage, and the haematocrit at the time of 
each estimation, the blood volume at the time of each pressure-flow curve 
estimation could be caleulated. The mean reduction in blood volume for the 
group, at the time of the second pressure-flow curve estimation was 13-1+5-9 ml. 
(10 p.c. of the initial blood volume, 129-9+31-2). 


TABLE 2. 


Comparison of the relationship between femoral arterial flow (F), and the independent variables, 
arterial pressure (P), and haematocrit (Hct.) before and immediately after haemorrhage. 


1. Multiple regressions have the form log 100F = a+b, log P+hb, log Het. 















































Partial Regression Coefficients 
Number of 
Series Observations a 
log P log Het. 
Before haemorrhage 198 0-530 1-780*** —1-342*** 
After haemorrhage 46 0-068 1-428*** —0-665** 
*** P<0-001. 
** P<0-05. 
2. Analysis of variance of log 100F after effects of log P and log Hct. have been eliminated. 
Degrees of Sum of Mean Variance 
Variation Freedom Squares Square Ratio 
Between Series 1 0-697 0-693 11-063*** 
Within Series 240 15-057 0-063 
P<0-01. 


The two series differ significantly. 
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The separate effects of pressure and haematocrit on flow were then calcu- 
lated from the data of the pressure-flow curves determined after haemorrhage 
and compared with the relationship of the same factors in the series of “chronic- 
ally” anaemic animals. The results are summarized in Table 2 and shown 
graphically in fig. 5. The dotted curves represent the relationship in “chronic” 
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Fig. 5. Graphic comparison of the 
effects of the independent variables, 
perfusion pressure and haematocrit, 
on femoral arterial flow, in “chronic- 
ally” anaemic rabbits, and immedi- 
ately after haemorrhage. Dotted lines 
define these effects in the former 
series (see Fig. 2). Heavy lines de- 
fine the relationship immediately after 
haemorrhage. (See text.) 


anaemia, previously seen in fig. 2, while the continuous lines represent the effects 
of identical changes in pressure and haematocrit in the post-haemorrhagic group. 
The points A and A’, B and B’, C and C’, D and D’, respectively, represent points 
of the same haematocrit and pressure. It is seen that AB and A’B’, the pressure 
flow curves in animals with a haematocrit of 45 p.c., before and after haemorrhage, 
do not differ significantly. Apparently there was little active vasomotor response 
in the femoral vascular bed to this degree of haemorrhage in the normal animal. 
However, CD and C’D’, the corresponding curves in the severely anaemic animal 
(haematocrit 15 p.c.) demonstrate the marked relative vasoconstriction that 
occurred following haemorrhage in these animals. In spite of this increased 
tone, the vascular bed under such circumstances was apparently still dilated 
relative to the vascular bed in the normal control animal. 

Transfusion of packed red ceils. In a further seven of the “chronically” 
anaemic animals after constructing the pressure flow curves a sudden change of 
haematocrit was produced by the injection, over 10 minutes, of 12-15 ml. of 
packed, matched, red cells. A second pressure-flow curve was then determined 
and the blood volume estimated. The blood volume change was only slight 
(5-0+5-0 ml.). The mean red cell volume injected was 10-3+2-4 ml. In 
this series, then, the major change was not in blood volume, but in haematocrit 














VASOMOTOR RESPONSES IN THE ANAEMIC RABBIT 521 


The pressure-flow curves after transfusion were compared with the main 
“chronically” anaemic series, as with the post-haemorrhagic series. This is shown 
in Table 3. The two series of curves did not differ significantly, nor did the 


TABLE 3. 


Comparison of the relationship between femoral arterial flow (F) and the independent variables, 
arterial pressure (P) and haematocrit (Hct.) before and immediately after transfusion with packed 
red cells (see text). 


1. Multiple regression equations of the form log 100F = a+b, log P+b, log Het. 





























Partial Regression Coefficients 
Number of 
Series Observations a 
log P | log Het. 
Before transfusion 198 0-530 1-780*** —1-342*** 
After transfusion 55 
*** P<0-001. 
2. Analysis of variance of log 100F after effects of log P and log Hct. have been eliminated. 
Degrees of Sum of Mean Variance 
Variation Freedom Squares Square Ratio 
Between Series 1 0-0065 0-0065 ose 
Within Series 249 11-7038 0-047 























eee P>0-05. 
The two series do not differ significantly. 


individual effects of pressure and haematocrit. Thus, it is seen that the local 
circulatory response in the femoral vascular bed to a change in haematocrit 
was very rapid. 


The effect of changes of haematocrit and blood volume on the resting 
femoral arterial flow. 


The vital function of oxygen transport in the intact animal, at any particular 
haemoglobin level, will depend to a considerable degree on the mean blood flow 
rate. The full pressure-flow curves described above, are of interest essentially 
in investigating factors which regulate this resting flow. In fig. 6 the relation- 
ship between the resting femoral arterial flow and the independent variables, 
haematocrit and change in blood volume from that in the “chronic” state is 
illustrated. In calculating this the chronic, bled and transfused series were 
combined, after demonstrating that they did not differ significantly from each 
other. 


In the “chronically” anaemic animals with no recent blood volume change 
the relative increase in resting flow as the haematocrit fell from 45 p.c. to 15 p.e. 
was less than the relative increase in flow over the same haematocrit range, at 
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Fig. 6. The interrelationship between rest- 
ing femoral arterial flow and the independent 
variables, haematocrit and change in blood 
volume from the resting blood volume, follow- 
ing haemorrhage. On the left heavy lines 
demonstrate the effect of reduction in blood 
volume on flow rate at haematocrit values of 
15, 25 and 45 p.c. respectively. On the right, ) 
heavy lines demonstrate the effect of a change 
in haematocrit with reduced blood volumes of | 
0, —10 and —20 ml. below the resting blood 
volume. 


a constant pressure, say 90 mm. Hg. as shown in fig. 2. Presumably the pro- 
gressive fall in mean systemic blood pressure with increasingly severe anaemia, 
previously demonstrated in rabibts (Darian Smith, et al., 1954), accounted for 
this difference. 
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RESTING PERIPH. RESISTANCE (P.R.U.) 


Fig. 7. The interrelationship between peri- } 
pheral resistance at resting pressure and flow 
rates and the independent variables, haematocrit 
and change in blood volume, below resting blood 
volume following haemorrhage. On the left, 
heavy lines demonstrate effect of a change of 
haematocrit at constant blood volumes, —20, 
—10 and 0 ml. respectively below resting value. 
On the right, heavy lines demonstrate the effect ' 
of reduction in blood volume on peripheral 
resistance, at constant haematocrit levels of 15, 
25 and 45 p.c. respectively. 
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In fig. 7 the relationship of the resting peripheral resistance to the same 
independent factors is shown. The change in peripheral resistance with haema- 
tocrit changes, at any particular blood volume, was in the same direction as 
the vasomotor tone changes estimated using the full pressure-flow curves. How- 
ever, the resting peripheral resistance and vasomotor tone responses to a change 
in blood volume at different haemoglobin levels differed somewhat, and are 
discussed below. 


TABLE 4. 


“Chronic” anaemia: factors affecting the actual mean femoral arterial flow and _ peripheral 
resistance. The interrelationship in each series is expressed as a multiple regression equation of 
the form:—Y = a+b, log Hct.+b, log (B.V.ch.+ 100). 


























Partial Regression Coefficients 
Number of 
. Observations a 
log Het. log (B.V.ch. + 100) 
log 100F 34 —6-446 —0-885** 5-057*** 
log P.R. 34 +7-964 0-998** —3-753** 
*** P<0-001. 
e* P<0-01. 
F = mean resting unobstructed femoral flow (ml./min.). 
Hct. = haematocrit (per cent.). 
B.V.ch. = change in blood volume (ml.). 


P.R. = femoral peripheral resistance (P.R.U.). 


DISCUSSION. 


The primary function of circulating blood, to supply oxygen to peripheral 
tissues, is limited to severe anaemia. The two mechanisms by which this might 
be met, are (a) increased percentage oxygen utilization by the tissues, and 
(b) inereased flow rate. Considering the whole animal, both factors are of 
considerable importance. In man (Richards and Strauss, 1928; Sharpey-Schafer, 
1945) and in the rabbit (Darian Smith and Simmonds, 1954) with severe 
anaemias there is a greatly increased percentage oxygen utilization and a high 
eardiae output. The relative importance of the two factors for any separate 
tissue will presumably depend largely on the resting percentage oxygen utiliza- 
tion in the normal animal. If the arteriovenous oxygen difference is high in the 
normal animal, as in the coronary circulation, flow increase will necessarily be 
the more important part of the response to anaemia. In less active tissues, such 
as resting skeletal muscle, both factors will probably be of importance. Previous 
measurements of limb-blood flows in anaemia have been done mainly on humans. 
Abramson, Fierst and Flachs (1943) found an increase in flow in the forearm, 
but low normal or reduced flow in the hand. Stewart (1912) also had previously 
reported low blood flows in the hand, and Fahr and Ronzone (1922) reported 
constriction of the vessels of the human nail bed. More recently, Hatcher, Suna- 
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hara, Edholm and Woolner (1954) reported increased blood flows in the calf of 
the anaemic dog, but variable flows in the paw. 

The present work showed that the increased flow in the femoral vascular 
bed, predominantly muscle, resulted from an active vasodilatation, and could 
not be accounted for solely by changes in the viscosity of the blood. 

It was previously demonstrated (Darian Smith, 1954) that the cardiac 
output in the unanaesthetized rabbit responded to a rise or fall in haemoglobin 
concentration within 5-10 minutes. The delayed increase in cardiac output 
following haemorrhage was closely correlated with the reduction in blood 
volume, and further, when the blood volume had returned to the expected level 
for the haemoglobin concentration, the cardiac output had risen to the level 
seen in “chronically” anaemic animals. Similar findings were made with the 
vasomotor tone response in the femoral vascular bed. Immediately following 
a transfusion of packed red cells in anaemic animals, relative vasoconstriction 
occurred, the final vasomotor tone corresponding to that seen in “chronically” 
anaemic animals with the same haematocrit. The inference is that the delayed 
flow response seen following haemorrhage was due to the blood volume reduction 
and that there was no significant delay in the vasomotor response to a change 
in haematocrit. It seems likely that the local vasodilatation in anaemic animals 
was due to local chemical stimuli resulting from the limited oxygen supply, rather 
than to the development of some more slowly developing humoral factor such as 
MeMichael (1947), and more recently Hatcher et al. (1954), have suggested. 

Differentiation between active and passive changes in the calibre of the 
arterioles by means of pressure-flow curves is well illustrated in figs. 4 and 7. 
In fig. 7 no attempt was made to make such a differentiation. The calculated 
peripheral resistance change at any particular blood volume did change in the 
same direction as the vasomotor tone change, measured by full pressure-flow 
curves. However, the effect of haemorrhage on vasomotor tone at different 
levels of anaemia was poorly correlated with changes in resting peripheral resist- 
ance. Fig. 7 would suggest that haemorrhage in normal animals produces a 
greater degree of vasoconstriction than a similar haemorrhage in anaemic animals. 
That quite the reverse happened is seen from the completed pressure-flow curves 
in fig. 4. Such a discrepancy is presumably due to the fact that passive changes 
in peripheral resistance for a given change in pressure are much greater in the 
constricted vascular bed, as is seen in fig. 3 and in the previous paper, than in 
the dilated bed. 

The effect of the degree of anaemia on the femoral vasomotor response to 
a sudden reduction in blood volume was of interest (fig. 4). In the normal 
animals, although there was a significant drop in resting mean flow and pressure 
there was no significant femoral vasoconstriction. Apparently vasoconstriction 
occurred in other tissues sufficient to compensate for the blood loss. In severely 
anaemic rabbits, with an initially low blood volume (Darian Smith e¢ al., 1954) 
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and in which there was widespread vasodilatation, the relative vasoconstrictor 
response was apparently more generalized and included the femoral vascular 
bed. 

These findings suggest an explanation for a previous observation (Darian 
Smith, 1954) on the total oxygen consumption of the anaemic rabbit. In the 
normal rabbit, immediately following moderate haemorrhage there was no 
change in oxygen consumption, but in severely anaemic rabbits there was a 
significant fall, until the lost plasma was replaced. The widespread vasocon- 
strictor response apparently temporarily reduced blood flow to such tissues as 
muscle to a degree sufficient severely to impair oxygen transport. 


SUMMARY. 


The mean arterial flow and pressure-flow curves were measured in the 
femoral vascular bed in a series of unanaesthetized, anaemic rabbits. 
: There was progressive vasodilatation in this vascular bed with increasingly 
severe anaemia, the increased blood flow at any particular pressure being much 
greater than could be accounted for by the corresponding fall in the relative 
viscosity of the blood. 
i The response to a sudden reduction in blood volume, produced by 
haemorrhage, was measured, the resulting relative vasoconstriction being much 
greater in bled anaemic animals than in bled normal animals. 
A sudden change in haematocrit, produced by transfusion of packed red 
cells, caused a very rapid vasomotor response, the final vasomotor tone not 
differing significantly from that in a “chronically” anaemic animal with the same 
haematocrit. It was inferred that any apparent delay in the local circulatory 
response to a change of haematocrit following haemorrhage was due rather to 
the associated reduced blood volume. 
The importance of differentiating between changes in peripheral resistance, 
due to active and passive changes in the calibre of the arterioles, was discussed. 
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THE PHARMACOLOGY OF AFROSIDE B — A NEW CARDIAC 
GLYCOSIDE 


By M. J. RAND! ann ANNE STAFFORD? 


(From Department of Pharmacology, University of Sydney). 
(Accepted for publication 31st May, 1955.) 


Afroside B is a new crystalline cardiac glycoside isolated from Gompho- 
carpus fruticosus (R.Br.) which grows abundantly in Queensland. The presence 
of cardioactive components in crude alcoholic extracts of the plant has been 
reported by Thorp and Watson (1953). Further work by Watson and Wright 
(1954) has led to the extraction of a pure crystalline compound which has the 
chemical properties of a cardiae glycoside, but the final details of the structure 
are not yet clear. This paper deals with the examination of the pharmacological 
properties of afroside B. 


EXPERIMENTAL. 


I. Positive inotropic actions. 


(i) Langendorff heart. Guinea-pig hearts were perfused with Ringer- 
Locke solution at 30° C. The results were obtained from 15 animals. Conecen- 
trations of afroside B of 1 in 10 million were without action on the amplitude of 
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Pig. 1. Langendorff preparation of guinea-pig Fig. 2. Isometric contractions of cat papillary 








heart perfused with Ringer-Locke solution at 30° C. 
At the arrow, afroside B was added to the per- 
fusate to make a concentration of 1 in 5 million. 
The time mark indicates 30-second intervals. 


muscle showing increase in systolic tension pro- 
duced by 1 in 5 million afroside B, The vertical 
scale indicates cm. deflection. 
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contraction. When the concentration was increased to 1 in 7-5 million, a positive 
inotropic response was obtained which became more pronounced following per- 
fusion with 1:5 million of afroside B as shown in Fig. 1: this eoneentration of 
drug oceasionally produced disturbances in the heart rhythm. 

(ii) Papillary muscle. Isometric contractions of papillary muscle from the 
right ventricle of the cat were recorded with a capacitor myograph apparatus. 
The perfusion medium was Ringer-Locke solution aerated with 5 p.c. carbon 
dioxide in oxygen and the temperature was maintained at 27°C. The results 
were obtained from 6 papillary muscles. Addition of afroside B (1 in 10 
million) to the perfusion fluid was without action. A concentration of 1 in 5 
million resulted in a 100 p.c. increase in the strength of contraction developing 
over the course of 3 hours. An increase in the concentration of the drug to 
1 in 1 million produced a 300 p.ec. increase in the strength of contraction in 20 
minutes. Fig. 2 shows the increase in systolic tension following the addition of 
1 in 5 million afroside B. 

Il. Toxicity experiments. 

(i) Cats. Cats were anaesthetized with nembutal (40-50 mg./kg.) and 
maintained under artificial respiration. Afroside B was diluted from 1 mg./ml. 
aleoholie solution with 0-9 p.c. NaCl to give a final concentration of 50 pg./ml. 
and infused by a motor-driven continuous injection apparatus into the femoral 
vein. The rate of infusion was adjusted to bring about cardiac arrest between 
20 and 40 minutes. The effect of afroside B on the heart was determined from 
periodic E.C.G. records. The changes in the E.C.G. produced by afroside B 
were typical of those seen with other cardiac glycosides (see Fig. 3). The results 
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Fig. 3. Carotid blood pressure from cat, 9, 
3-05 kg., during the course of an infrsion of 
afroside B, 47-5 uwg./min. The time marker in li- 
cates 30-second intervals. The electro-cardiograms 
below the blood pressure record were taken at 
times indicated by the corresponding numbers. 
E.C.G. time signals are 0-2 seconds. 
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obtained from 8 experiments are summarized in Table 1. 
was found to be 444-0+S.E. 5-6 yg./kg.; the geometric mean lethal dose was 
441-5 pg./kg. In 3 cats, the carotid blood pressure was measured by mercury 
manometer during toxicity determinations. 
during the course of one experiment are shown in Fig. 3. 


The changes in blood pressure 
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The mean lethal dose 














TABLE 1. 
Toxicity of Afroside B in the Cat 
Weight Death Lethal Dose 
Cat No. kg. Minutes pg./kg. 
1 3-24 28-4 417 
2 2-71 24-4 425 
3 3-56 34-0 445 
4 2-10 21-5 485 
5 1-88 20-7 523 
6 3-05 23-2 362 
7 2-65 23-3 418 
8 2-15 21-6 477 

















(ii) Guinea-pigs. 


observed with the E.C.G. 


Toxicity of Afroside B in the Guinea-pig by Intra-jugular Infusion 


Guinea-pigs were anaesthetized with urethane (2-0 
gm./kg.) and artificially respired. Afroside B (60 y»g./ml.) was given into the 
jugular vein by the continuous injection apparatus and the effect on the heart 
In order to provide comparative figures, digoxin 


TABLE 2. 












Afroside B 


Digoxin 





Ouabain 





Dose to produce 


Dose to produce 





Dose to produce 



























Fibrillation Death Fibrillation Death Fibrillation Death 

mg./kg. mg./kg. mg./kg. mg./kg. mg./kg. mg./kg. 

0-448 0-636 0-343 0-533 0-275 0-308 

0-302 0-618 0-720 1-080 0-283 0-354 

0-286 0-422 0-433 0-616 0-273 0-332 

0-542 0-640 0-585 0-830 0-252 0-342 

0-477 0-682 0-452 0-542 0-250 0-346 

0-720 ° 0-560 0-744 0-335 0-396 

0-607 . 0-291 0-460 0-206 0-352 

0-368 0-479 0-252 0-388 0-270 0-412 

0-543 0-725 0-658 s 0-160 0-231 

0-167 0-249 

0-226 0-326 
’ Mean 0-477 0-600 0-469 0-682 0-245 0-332 
S.E. 0-048 0-041 0-064 0-070 0-016 0-047 




















* Not determined. 
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(100 pg./ml.) and ouabain (50 yg./ml.) were injected into the guinea-pig under 
the same conditions. The results of 9 experiments with afroside B in the 
guinea-pig are summarized in Table 2. The mean dose to cause ventricular 
fibrillation was 477-0+S.E. 47-8 yg./kg., and to cause cardiac arrest was 
600-3+41-4 yg./kg. The corresponding figures for digoxin were 468-7+63-7 
pg./kg. and 681-9+69-6 yg./kg. and for ouabain 245-2+15-7 yg./kg. and 
331-6+46-7 pg./kg. 

(iii) Chick embryo heart. The effect of afroside B on the isolated heart 
of the chick embryo was carried out as described by Paff (1940). The results 
are presented graphically in Fig. 4 in comparison with digoxin and ouabain. 
Each point on the graph is 
the mean of 7 to 9 separate 
determinations. The onset 
of A-V block with afroside 
B was typical of the re- 
sponse seen with other 
cardiac glycosides. Exa- 
mination of the data by the 
analysis of variance showed 
that the log. dose response 
eurves for digoxin and 
afroside B were signi- 
ficantly non-parallel. There 
was no significant deviation 
from parallelism in the 
ease of afroside B and 


TIME IN MINUTES 











ous 02 028 o4 O85 8 10 ouabain so an estimate of 
CONCENTRATION OF GLYCOSIDE the relative potency could 
(microgm/my) 


be made. The potency of 


Fig. 4. Relationship between the concentration of afroside B on the chick 
cardiac glycoside and the time to the development of embryo heart compared 
A-V block in the isolated 48-hour chick embryo heart. ith hei =] 

Each point is the mean of 7 to 9 observations. The wi ouabain (=1) was 
dose is plotted on a logarithmic scale. 2-09. 


III. Detoxification in the liver. 


The rate of detoxification in the liver was determined by comparing the 
lethal dose of afroside B found by injection into a mesenteric vein with that 
found by injection into the jugular vein. Guinea-pigs were anaesthetized with 
urethane (2-0 gm./kg.) and maintained under artificial respiration. A solution 
of afroside B (50 yug./kg. in 0-9 p.c. NaCl) was injected at a constant rate 
through a needle inserted into a mesenteric vein and the action on the heart 
followed on the electrocardiogram. The lethal dose of afroside B by intra- 
portal injection was found to be 3-223+S.E. 0-186 mg./kg. and the dose to 
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ventricular fibrillation 2-491+0-187 mg./kg. These figures are considerably 
greater than the corresponding results obtained with intrajugular injections, 
0-600+0-041 and 0-477+0-048 mg./kg. respectively. The lethal doses for 
ouabain and digoxin by intraportal infusion were 0-367+0-068 mg./kg. and 
1-333+0-090 mg./kg. and the doses to fibrillation were 0-234+0-019 and 
0-860+0-049 mg./kg. respectively. Corresponding figures for intrajugular injec- 
tion are given in the previous section. Statistical examination, using Student’s 
“t-test,” showed that there was no significant difference between the toxicity of 
ouabain given by intraportal and intrajugular infusion; the increase in the 
toxic dose of digoxin via the mesenteric vein was significant (P=0-001). Indivi- 
dual results for all three glycosides are shown in Table 3. 

















TABLE 3. 
Toxicity of Afroside B in the Guinea-pig by Intra-portal Infusion 
Afroside B Digoxin Ouabain 

Dose to produce Dose to produce Dose to produce 
Fibrillation Death Fibrillation Death Fibrillation Death 
mg./kg. mg./kg. mg./kg. mg./kg. mg./kg. mg./kg. 
1-680 2-375 0-768 1-152 0-209 0-435 
2-860 . 0-700 1-063 0-296 0-364 
2-860 3-600 0-884 1-188 0-246 0-350 
2-980 3-700 0-883 1-528 0-205 0-302 
2-730 3-130 1-051 1-545 0-180 0-377 
2-270 3-110 0-876 1-520 0-333 0-511 
2-060 ag 0-167 0-306 
0-148 0-275 
0-276 0-376 
0-278 0-377 
Mean 2-491 3-223 0-860 1-333 0-234 0-367 
S.E. 0-187 0-186 0-049 0-090 0-019 0-068 























* Not determined. 


IV. Potentiation of adenosine heart block. 


The effect of continuous injection of afroside B on the duration of heart 
block produced by regular intra-atrial injections of adenosine was demonstrated 
using the method described by Rand, Stafford and Thorp (1955a). Adenosine 
(15-25 yg. in 0-015-0-025 ml.) was injected automatically at 2-minute intervals 
into the left atrium of a guinea-pig anaesthetized with urethane and under arti- 
ficial respiration. The period of heart block (in seconds) produced by these 
regular injections is illustrated graphically in Fig. 5, which shows the marked 
potentiation brought about by a continuous infusion of afroside B (3-13, 3-91, 
4-69 and 6-25 y»g./kg./min.) into the jugular vein. With the higher rates of 
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Fig. 5. The duration of the heart block (in seconds) produced by 
regular intra-atrial injections of adenosine is plotted against the time of 
infusion of afroside B solutions of four different concentrations. The 
curves for the two higher concentrations terminate when the response to 
adenosine injection is changed from that of heart block to a transient 
period of ventricular tachycardia. 


infusion, the duration of the heart block produced by adenosine was rapidly 
potentiated to about three times the control value. With the lower rates of 
infusion, the potentiation only developed slowly and did not reach as high a 
level as with the faster rates. When amounts of afroside B just below those 
required to produce toxic changes in the E.C.G. were reached, the injection of 
adenosine precipitated a transient period of such irregularities. 


DISCUSSION. 


Examination of the pharmacological properties of afroside B shows that it 
produces effects typical of other cardiac glycosides. The positive inotropic action 
of afroside B on the isolated guinea-pig heart and the eat papillary muscle is 
clearly seen in each case with a concentration of 1 in 5 million. This is a some- 
what higher dose than is required with ouabain and digoxin to produce a com- 
parable increase in the force of contraction. Comparison with data collected 
by Chen (1945) for the toxicity of a wide range of cardiac glycosides in the 
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cat shows that afroside B has a relatively low toxicity in this animal. The 
changes in the blood pressure in the cat during the determination of toxicity 
are comparable with those described by Cushny (1925) and do not suggest 
cardiovascular actions other than those normally attributable to cardiac glyco- 
sides. In the guinea-pig, afroside B has a lethal dose almost the same as that 
of digoxin, but ouabain is much more toxic. 

The lethal dose of afroside B by intraportal injection is more than five times 
the dose required by intrajugular injection. This suggests an extremely rapid 
rate of removal by the liver of the guinea-pig. The experiment does not throw 
any light on the mechanism of removal which may be by liver detoxification, 
binding in the liver, or secretion in the bile. Digoxin administered by the intra- 
portal route requires 1-26 times the intrajugular lethal dose which indicates 
only a small amount of removal in the liver. The lethal dose of ouabain is not 
significantly different by either route which indicates that the liver is of no 
particular importance in the metabolism of this glycoside. Biatge and Rohr 
(1953) found that transvaalin (scillaren A) was detoxified in the guinea-pig 
portal circulation. 

Increase in the duration of heart block produced by regular injections of 
adenosine is a property common to the eardiae glycosides (Rand et al., 1955b), 
although the significance of this interaction still remains unexplained. The 
increased sensitivity of the heart muscle to the action of adenosine is possibly 
simply an index of changes in the conducting tissue brought about by the cardiac 
glycosides despite the fact that the potentiation is well marked long before the 
E.C.G. shows any alteration in the length of the P—-R interval. However, the 
fact that injections of adenosine precipitate toxie irregularities in the E.C.G. 
similar to those produced by higher concentrations of the glycoside suggests 
strongly that the interrelationship between adenosine and the cardiac glycosides 
may be more involved. Whatever mechanism may be implicated in this reaction, 
afroside B appears indistinguishable from the established cardiac glycosides 
when tested in this way. The rapid removal of afroside B in the liver may 
explain the marked difference in the degree of potentiation of the adenosine 
heart block with different rates of infusion. Presumably at low rates of infusion, 
afroside B is almost completely cleared by the liver. Ouabain, which does not 
appear to be metabolized by the guinea-pig liver, produced the same degree 
of potentiation of the adenosine heart block with a wide range of rates of infusion 
(Rand et al., 1955b). 

It would appear that afroside B is unlikely to present effects which could 
render it superior in clinical use to the cardiac glycosides already employed. 


SUMMARY. 


A pharmacological investigation has been carried out on afroside B, a new 
erystalline cardiac glycoside from Gomphocarpus fruticosus, It has been shown 
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to have a typical positive inotropic action on the cat papillary muscle and the 
guinea-pig Langendorff heart. The toxicity of afroside B has been determined 
by intravenous infusion in the cat and the guinea-pig and also on the isolated 
embryonic chick heart. Afroside B is rapidly inactivated by passage through 
the guinea-pig liver in situ. The heart block produced in the guinea-pig by 
regular intra-atrial injections of adenosine is potentiated by non-toxic doses of 
afroside B. 
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During a recent examination of methods for the detection of small quantities 
of central nervous stimulants and depressants, it was observed that certain 
stimulant drugs were capable of producing profound changes in the spontaneous 
activity of white mice. Accordingly, an attempt was made to develop an 
accurate quantitative method for recording the activity induced by stimulant 
drugs. 

Activity cages, previously described, depend upon recording movements of 
the cage itself, these movements being either rotatory in the case of revolving 
“treadmill” type, or vertical oscillations of a spring suspended “jiggle” cage. 
The methods of recording have been ingenious. Stewart (1898) and Slonaker 
(1907) used revolving cages which operated clockwork recording mechanisms 
developed from old alarm clocks. Jiggle cages could be made to record directly 
onto a moving kymograph or to record through a tambour system (Abreu et al., 
1946). Schulte et al. (1941) made the cage operate a counting device, whereas 
Waterman (1947) used an electrode which dipped into an electrolyte controlling 
the speed at which a revolution counter was driven by an electric motor. 

The chief source of error in all these activity cages is that the cages them- 
selves are in motion, a factor which in itself modifies spontaneous activity since 
the animals are continually using compensatory righting reflexes (Campbell 
and McLean, 1948). Inertia is an inherent factor in a moving cage and con- 
sequent inaccuracies of recording are to be expected. Even in damped cages, 
resonance of the system may occur if the animal causes the cage to oscillate at 
the appropriate frequency, and distorted records will be produced. 

Campbell and McLean (1948) attempted to produce an apparatus which 
would reduce these difficulties to a minimum by recording through an electronic 
integrating circuit, but their apparatus still utilized a moving cage. McLean 
(1951) had abandoned the technique and had resorted to a jiggle cage recording 
on a smoked drum. 

The apparatus described below has the advantage of a non-moving cage, 
measurement of activity being derived from changes in the capacitance of a 
tuned circuit, brought about by the movements of the animals themselves. 






Austral. J. exp. Biol. (1955), 33, pp. 535-546. 
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Recently Dews (1953) has described an activity cage which records optically 
and does not require moving parts, but in this case a beam of light passes across 
the cage and may disturb the animals. 


APPARATUS. 


The principal factor in the design of this equipment is the necessity of obtaining a 
record from which a quantitative comparison of activity could be made between two groups 
of mice. The most suitable method of utilizing the small changes of capacitance caused by 
the activity of the mice is obtained by using these changes to alter the tuning of a frequency 
modulation phase discriminator circuit, resulting in the production of low frequency signals 
which may be amplified and used to trigger a multi-vibrator pulsing network. The pulses 
are fed to a diode pumping circuit arranged to charge a capacitor, the value of the charge 
being recorded at regular intervals. In this way it is possible to obtain a record which is 
directly related to the spontaneous activity of the animals, and with the use of suitable cir- 
cuit components an extremely close approximation to a linear response is obtainable. 


The units in the apparatus are shown in block diagram form in Fig. 1. 





PULSING & CIODE 
REFERENCE. = PUMPING 
OSCILLATOR ra NETWORK 


ANIMAL RECORDER | 
CAGES 


Fig. 1. Block diagram of the apparatus showing the 
connections of the components. 


DISCRIMINATOR AMPLIFIER 





























The animal cages. 


Each cage assembly, shown in Fig. 2, consists of a galvanized tray 16 in. x 21} in., a 
set of six lucite rings 6 in. diameter x 1 in. high confining each animal to a given area, and 
the capacitor units assembled on the upper surface of a 4% in. glass plate forming the 
roof of the cage. Six capacitor units are located each above the corresponding ring. Each 
unit consists of a series of foil squares 1} in. square cemented to the glass plate with rubber 
adhesive as shown in Fig. 3. The size of the squares was chosen to be approximately the 
area of a mouse, so that any movement of the animal would uncover some of one square and 
cover a corresponding area of an adjacent one of opposite polarity. If the squares were too 
large no capacitance change would occur if the animal stayed within the area of the square. 
If they were too small the mean change of capacitance could well be zero. 


The distance between the tray and the glass plate is selected to suit the size of the 
animal, a distance of 13 in. proving satisfactory for mice of 18-22 gm. The lucite rings are 
mounted */,. in. above the base tray to provide for ventilation at the top and bottom of 
each ring. It proved essential to mount the capacitor unit above the mice rather than below, 
since in the latter case larger alterations in total capacity result from the presence of urine 
on the glass plate (Karlson, 1950). 


The capacity of such a set of six capacitor units without the trays in position is approxi- 
mately 500 pF measured at 1000 c./sec. 








| 
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Fig. 2. The complete cage assembly. The lid is supported at 45° to 
show “chess board” arrangement of the condenser plates on the glass lid. 
In the lower half of the photograph the group of six individual lucite rings 
may be seen. 
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Fig. 3. Diagram to show the arrangement of 
condenser plates used over each lucite mouse 
cage. The dimensions are given. 
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Pig. 4. LIST OF COMPONENTS. 





Ril. 440 K ohm. R15. 33 K ohm. 

R2. 100 K ohm. R16. 1 M ohm. potentiometer 

R3. 47 K ohm. R17. 1 K ohm. 

R4. 68 K ohm. R18. 270 K ohm. 

R5. 180 K ohm. R19. 22 K ohm. 

R6. 180 K ohm. R20. 1 M ohm. 

R7. 470 K ohm. R21. 470 ohm. 

R8. 1 M ohm. R22. 390 K ohm. 

R9. 100 K ohm. R23. 20 K ohm. wirewound potentiometer 

R10. 68 K ohm. R24. 4-7 M ohm 

Rll. 250 K ohm. potentiometer R25. 390 K ohm. 

R12. 20 K ohm. R26. 50 K ohm. wirewound potentiometer 

R13. 220 K ohm. R27. 1 K ohm. 

R14. 550 K ohm. R28. 1 K ohm. 

Cl. 0-1 microF. C15. 0-05 microF. 

C2. Trimmer Capacitor (approximately C16. 8 microF 600 V electrolytic 
110 pF) C17. 1-5 microF 

C3. 10 pF C18. 0-005 microF 

C4. 10 pF C19. 8 microF 600 V electrolytic 

C5. 10 pF C20. 0-0006 microF mica 

Cé. 10 pF C21. 0-02 microF 

C7. 1-5 microF C22. 4 microF ‘ 

C8. 0-5 pF C23. 4 mieroF bow leakage 

C9. 10 pF V1. EF50 

C10. 150 pF v2. EF50 

Cll. 0-1 microF V3. 6AU6 

C12.) Variable Capacitors (maximum capa- ‘:. V4. 6SN7 

C13. city approximately 200 pF) ss V5 6AL5 


C14. 8 microF 600 V electrolytic 


Kelays 1-5. Double pole, double throw with the provision for adjustment of contact align- 
ment, and contact pressure. 

Ll. Intermediate frequency transformer 455 Ke/s. 

L2. Intermediate frequency transformer 455 Ke/s. 

Ml. Milliammeter 0-5 m.a. 

Frequency control crystal 455 Ke/s. 





The electronic apparatus will now be described with reference to the circuit diagram 
Fig. 4. 


The oscillator. 


The reference oscillator is controlled by a frequency crystal (Dickinson, 1950) and in 
order to obtain reliable self-starting under all conditions, a small coupling of 10 pF should 
be provided between the spare winding of Ll, and the control grid of V1. An increase in 
the value of R1, to 440 K ohm is a satisfactory modification considering the physical require- 
ments of this apparatus. 


The discriminator. 


The operation of the frequency modulation phase discriminator circuit was described by 
Dickinson (1950) and this circuit is essentially the same except for minor modifications made 
for this application. Changes of capacity due to the activity of the mice and the capacity 
of the cage assemblies containing the mice are the two factors influencing these modifications. 
The total capacity of either of the cage assemblies containing mice is approximately 770 
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pF, therefore a reduction in the value of L2 is necessary since the component kas been 
manufactured for use with a smaller value of capacity at the stated frequency. Tuning 
of the tank circuit of which L2 is the inductor may be accomplished by adjusting the capacity 
of either C12 or C13 (depending on the position of relay 1) using M 1 as an indicator. When 
the circuit is at resonance, alterations in the capacity should cause the anode current of V2 
to vary within the range 0-2 ma. to 2-5 ma., provided that the bias voltage setting of R11 
is correct. Under normal operating conditions a mean setting of anode current of V2 is 
desirable; such a setting will accommodate any slight drift in frequency as well as changes of 
capacity due to the animal activity. It is essential that the bias voltage applied to the 
suppressor grid of V2 shall be free from mains ripple since the discriminator output is to 
be amplified. At this point it should be noted that since the equipment is basically a one- 
channel amplifier unit used for measurement of activity from two sets of cages, this necessi- 
tates alternate recording from the two groups for periods of one minute duration. Relay 1 
connects either set of cages to the discriminator input. (The functions of the relays are 
discussed under a separate heading.) 


The amplifier. 


A pentode amplifier V3 is necessary to provide voltage amplification of the small signals 
received from the discriminator during periods of low activity. R16 is the input gain control 
of the amplifier. It is advisable to control the amplitude of the incoming signals in order 
to prevent blocking of the amplifier by low frequency oscillations of high amplitude. 


The pulsing network. 


The pulsing network comprises a multivibrator V4 which is normally biased beyond the 
operational conditions. Circuit components are chosen to provide an output pulse of high 
amplitude for the value of the H.T. supply voltage. 


The diode pump. 


V5 and its components represent the diode pumping circuit which is connected to charge 
either C22 or C23 negatively. This connection avoids undesirable heater to cathode leakage 
which would introduce a variable error if the capacitors were to be charged positively assuming 
the heaters to be at earth potential. 


Functions of the relays. 


The relay time cycles and functions are shown in Table 1. Details of the connection 
of relay coils and the connection of the time clock governing the whole cycle have not been 
included in Fig. 4. Such features are influenced by the availability of apparatus and indivi- 
dual requirements of each design. The apparatus constructed in this laboratory uses relays 
with 1000 ohm. coils, each connected in series with a limiting resistor between earth and 
H.T. In parallel with each coil is a single pole switch activated by a system of cams driven 
by a synchronous clock motor making one revolution per minute. The H.T. voltages of 
+300 V and —150 V are supplied from a stabilized H.T. supply. Suitable circuits have been 
described by Dickinson et al. The valve voltmeter is that of Amos (1950). It provides a 
high input impedance and is very stable. 


A recording ammeter of range 0-1-0 ma. adjusted to centre zero records the baseline 
along the centre line of the record. Group A is recorded to the left of the baseline and 
group B to the right. A paper speed of 3 in. per hour produces a record easily interpreted. 
Provision of a vibrator system adjacent to the pen is advantageous to reduce pen to paper 
friction (Tucker, 1951). 
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TABLE 1. 
Relay operations to be performed at one-minute intervals. 





Time between 





Operation Operations Function of Relay 
A A-B_) 2 sec. Relay 2 closed returning output from V5 to earth. 
Relay 3 closed, connecting C22 to valve voltmeter. 
B B-D 2 sec. Relay 5 closed disconnecting C22 and connecting C23 to 
valve voltmeter. 
Cc Relay 1 closed connecting Group B cages to the discrim- 


inator input and V5 output to relay 3. Relay 1 when open 
connects Group A cages to discriminator input to V5 
output to relay 3. Relay 1 is alternately opened and closed 
for one minute periods. 

Relay 4 closed discharging C22 and C23. 

Relays 2, 3, 4 and 5 opened—thus connecting V5 output 
to either C22 or C23 depending on position of relay 1—see 
operation C. 
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The relay system possesses the advantage that should the relays fail to function during 
operation, the fault may be detected immediately from the record—a desirable feature if the 
equipment is operating for periods of up to several hours duration. For example, should relay 
1 remain in one position, the recorded activity will only occur on one side of the centre time 
base at one-minute intervals whereas normally adjacent readings on any one side will be 
separated by a two-minute interval. Should relay 4 fail to close, thus leaving C22 and C23 
charged, a record will appear for both groups at the same place on the time base, whereas 
normally, recording of activity alternates between groups A and B at regular minute intervals. 

In order to compare activity, the apparatus is initially adjusted to give a full-scale 
reading of the recording ammeter for maximum expected activity, and zero deflection for 
zero activity. The multivibrator is biased at —70 V and the gain of the amplifier is adjusted 
so that low level signals corresponding to low levels of activity do not operate the multi- 
vibrator. It is possible for two groups of animals to differ in activity yet produce a similar 
pulse frequency, but this system provides discrimination with respect to the amplitude of 
the incoming signals. By initial trial and error a level is found which gives reasonably full 
scale deflections for very active mice. 

The following adjustments are necessary when the apparatus is first set up:— 

1. Set the valve voltmeter to the 50 V range. 
2. Adjust the bias voltage applied to V4 to approximately —70 V by R26 (approxi- 
mately —40 V is necessary to prevent continuous operations of the multivibrator). 
3. Tune both sets of cages (without animals) using C12 and C13. Adjust R16 to 
maximum input to V3 and R23 to a value such that no recording will appear on 
the record. (Approximately +1-5 V applied to the first cathode of V5.) 
4. Adjust the input to V3 by R16 so the required amplitude on the record is obtained 
with animals in the cages. 


MeETHOpS. 


When mice are initially placed in the apparatus there follows a period of high activity 
as the mice move about inside their respective cages while adjusting themselves to their new 
environment. However, after a period of one hour or so they settle down to a resting level 
of activity which becomes reasonably constant. When the mice are settled, and provided both 
groups exhibit approximately the same activity, they are injected. One group is given the 
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drug to be tested made up in distilled water and the other group serving as controls receive 
an equal volume of distilled water. All injections are intraperitoneal. The mice are left 
in the apparatus in a quiet, darkened room for three hours and then returned to their cages. 
Injections of the controls with distilled water guards against activity provoked by the prick 
of the needle and any mechanical stimulation due to the volume of drug injected. 

There is one precaution to be observed in operating the apparatus during hot weather. 
When the relative humidity is greater than 75-80 p.c. the responses of the mice to drugs 
are less marked than at lower relative humidities. The effect of high humidity is to sedate 
the mice to the point where they curl up and go to sleep, and stimulant drugs have very little 
effect on activity. The temperature in all cases was between 24 and 26° C. in our experiments. 


RESULTS. 


The effects of two different drugs are reported here. The effects of ampheta- 
mine sulphate have been shown by other workers whose apparatus is mentioned 
above. Waterman (1947) showed that a dose level of 5 mg./kg. of dl-ampheta- 
mine hydrochloride produced a marked increase in the level of activity for a 
period of four hours. Abreu et al. (1946) showed that there was an increase of 
activity after 1 mg./kg. of amphetamine sulphate. 

With the apparatus described above we were able to detect as little as 
0-5 mg./kg. of amphetamine sulphate with certainty. With 0-25 mg./kg. of 
amphetamine sulphate we were sometimes able to find a difference between the 
groups, but not on other occasions, and apparently this was the critical level of 
the amount of the drug which could be detected. Thus the apparatus can detect 
positively as little as 10 yg. in a 20 gm. mouse. 

To interpret the record of an experiment the number of divisions on the 
trace for each consecutive five lines was summed to give the total activity for 
ten minutes. These summations were plotted on a graph as shown in Fig. 5, 
since this form of presentation is easier to interpret than the record obtained 
from the chart recorder, and is also considerably less cumbersome. It will be 
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Fig. 5. The effect of 5 mg./kg. amphetamine Fig. 6. Graph showing the ability of the 

sulphate on the spontaneous activity of white method to discriminate between doses of 3 

mice. The ordinate represents activity in ar- mg./kg. and 4 mg./kg. amphetamine sulphate. 


bitrary units and the abscissa is a time scale | Ordinate and abscissa as in Fig. 5. 
in minutes after injection. 























C.N.S. STIMULANTS AND ACTIVITY 543 


seen that both groups are very active after the stimulus of injection but the 
control mice settle down to a much lower level of activity than the stimulated 
mice, whose activity is maintained at a high level for up to two hours. 

In other experiments with amphetamine one group of mice was injected 
with 3 mg./kg. and the other group was given 4 mg./kg. In all cases (six 
experiments) the apparatus was able to discriminate between these two dose 
levels, the larger level giving a greater increase in activity which was maintained 
for the three-hour test period. A typical result is shown in Fig. 6. 

Comparison of Figs. 5 and 6 show differences in the slope of the activity 
time curves for dose levels of 3, 4 and 5 mg./kg. of amphetamine sulphate. It 
seems that the amphetamine is more rapidly absorbed, or saturates the central 
nervous receptors more rapidly at higher dosage levels. Higher doses of ampheta- 
mine produce very little increase in the peak activity readings but these are 
maintained at the peak level for a longer time, probably because there is a 
bigger reserve of drug to be metabolised to levels below those required to saturate 
the receptors. 

By using morphine sulphate in place of amphetamine sulphate we were able 
to detect in all trials a dose level of 1 mg./kg., i.e., 20 wg. morphine per 20 gm. 
mouse. A dose level of 0-5 mg./kg. morphine sulphate was below the level for 
positive detection. Fig. 7 shows a typical result from a morphine sulphate 
record using a dose level of 5 mg./kg. It will be seen that initially morphine 
lowers the activity of the treated group below the controls for a short period. 
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Fig. 7. The effect of 5 mg./kg. morphine 
sulphate upon the spontaneous activity of white 
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The response of the mice receiving distilled water is also characteristic; 
initially, the mice become hyperactive for up to thirty minutes and then settle 
down to a resting level of activity, considerably lower than the group receiving 
the drug. A feature of the control group is the bursts of spontaneous activity 
which oceur at intervals (see Fig. 5). This cyclic behaviour of the controls is 
quite frequently observed. The mice tend to sleep but occasionally one or two 
wake up and give a few movements before settling down again. The stimulated 
mice sometimes exhibit the same phenomenon but to a lesser degree. 

Experiments were conducted to investigate the sensitivity of mice to mor- 
phine on successive days. The same group of mice received 4 mg./kg. for each 
of five successive days and their activity time curves are compared in Fig. 8, 
drawn from a typical experiment. 

On every day the activity of the mice was considerably greater than that 
of the control group (same group used throughout the experiment), and the 
duration of the stimulation was similar, approximately two hours on all days. 

There was no significant decrease in sensitivity, the later injections producing, 
if anything, an even greater effect than those of the first day or two. 
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Fig. 8. The effect of daily administration of 
4 mg./kg. morphine sulphate to the same group 
of mice using the same group of controls 
throughout for five consecutive days. There is 
a trend to a greater peak response and for this 
response to be reached more rapidly on suc- 
cessive days as the experiment proceeds. Ordi- 
nate and abscissa as in Fig. 5. Curves I to V 
correspond to successive days. 
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DISCUSSION. 


Quite recently, Dews (1953) has reported an activity cage which utilizes 
the breaking of a light beam by moving mice. His results show the dose response 
curves for various central nervous stimulants including amphetamine, and these 
indicate that his apparatus is capable of detecting 0-625 mg./kg. amphetamine. 
In comparing the effects of central nervous stimulants with distilled water in our 
apparatus it has been found necessary to leave the mice for longer than the fifteen 
minutes proposed by Dews since the mice receiving distilled water were fre- 
quently hyperactive for up to thirty minutes after injection before settling down 
to a resting level of activity, and this reduces the apparent effect of the stimulant 
drug. It is probable that Dews’ results might well be more striking if a longer 
period were used when comparing stimulants with saline injections, especially 
as the stimulated mice remain hyperactive for some hours after injection. 
Contrary to expectations, control injections of saline appeared to cause greater 
activity in our experiments than we observed using distilled water, and since 
our drugs were dissolved in water we have preferred this as a control injection. 

A further observation reported by Dews is that the drugs which produce 
euphoria in man produce increased spontaneous activity in white mice, whereas 
convulsant type central nervous stimulants, acting primarily on the spinal cord 
or medulla, do not cause increased activity until near-convulsive levels are 
reached. This observation was made independently in this laboratory and pro- 
vides confirmation of Dews’ work. 


SUMMARY. 


An electronic apparatus is described which permits accurate recording of 
the spontaneous activity of small laboratory animals by a method of frequency 
modulation phase discrimination. The apparatus is superior to activity cages 
previously described since it does not employ any moving parts in the animal 
cages. 

Small quantities of amphetamine sulphate (0-5 mg./kg.) and morphine 
sulphate (1-0 mg./kg.) produce positively detectable changes in the activity of 
white mice. 

The apparatus can discriminate between 3 mg./kg. and 4 mg./kg. of 
amphetamine sulphate. 

The peak response to morphine is no less and is reached a little more quickly 
when the mice receive morphine on consecutive days for five days. The duration 
of the response is unaffected. 
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Atkinson (1949) recorded numerous Australian plants with antibacterial 
activity in the family Myrtaceae which is well represented among the Ausiralian 
flora. In Darwinia citriodora and Chamaelaucium uncinatum, the activity was 
located in the volatile oil obtained by steam distillation of leaves or flowers. 
The present paper concerns a further investigation of the antibacterial activity 
of essential oils from Australian plants including many from the Myrtaceae. 
The insolubility of these oils in water rendered them unsuitable for antibacterial 
assay by direct dilution in the culture medium. Assay methods were therefore 
devised in which Tween 80 was used to emulsify the oil in the diluting fluid 
and the culture medium. Heatley et al. (1952) made somewhat similar use of 
the detergent Triton in making preparations of the insoluble antibiotic micro- 
coccin. 

Essential oils have in the past been tested mainly for their killing power 
against various bacteria. Miles and Wilson (1946) recorded the results of 
several investigations in which bacteria were exposed to vegetable oils and the 
time of killing determined. They concluded that “certain of the essential oils, 
if applied pure, are fairly active germicides. The majority, however, are more 
valued for their antiseptic than for their disinfectant action.” Various Austra- 
lian essential oils were investigated by Penfold and Grant (1923a and b, 1925, 
1926) who determined their phenol coefficients by the Rideal-Walker test and 
judged many of them to be powerful disinfectants. They pointed out, however, 
that the degree of dispersion of the oil greatly affected the result and to obtain 
very good phenol coefficients they recommended working with 1 p.c. emulsions. 
In our antibacterial tests the emulsifying agent, Tween 80, was present at the 
same concentration throughout dilutions and cultures so that variations in degree 
of dispersion of an oil should be minimized. 

The present work covered 49 Australian essential oils which all showed 
antibacterial activity, the extent of which varied considerably with the test 
organism and the method of testing. 


Austral. J. exp. Biol. (1955), 33, pp. 547-554. 
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METHODs. 


Tween agar dilution test. The test oil was thoroughly emulsified by shaking with glass 
beads in an equal quantity of 1 p.c. Tween 80. From this 1/2 dilution in 0-5 p.c. Tween, 
twofold dilutions were prepared in 0-5 p.c. Tween. Each oil dilution was well shaken before 
proceeding to the next and well dispersed relatively stable emulsions resulted. One volume 
of each dilution (except the first two) was then well mixed with nine volumes of hot nutrient 
agar containing 0-5 p.c. Tween and poured into a Petri plate. Thus a series of twofold 
dilutions in Tween agar was prepared commencing at a concentration of 125 ul. oil/10 ml. 
agar and ending at a concentration of 1 yl. oil/10 ml. agar. After drying, each plate was 
inoculated at suitably separated positions with a standard drop (approximately 0-01 ml.) 
of a suspension of each of the three tesi organisms, S. typhi S76, Staph. aureus B313 and 
Myco. phlei CSL. The plates were incubated at 37°C. for 18-20 hours for S. typhi and 
Staph. aureus, and at least 48 hours for Myco. phlei. The extent of growth of the test 
organisms was then read by comparison with control cultures on a Tween agar plate without 
oil. The suspensions used to inoculate the test and control plates consisted of 18 hours’ broth 
culture of S. typhi and Staph. aureus diluted 1/100 with nutrient broth, and an undiluted 
24 hours’ 0-1 p.c. Tween broth culture of Myco. phlei. 

Twecn broth dilution test. The twofold dilutions of oil in 0-5 p.c. Tween made for 
the agar tests were also used here. One ml. of each dilution (except the first two) was 
thoroughly mixed with 9 ml. of 0-5 p.c. Tween broth which was then aseptically dispensed 
in 2 ml. quantities into four quarter ounce screw-cap bottles. Thus four identical sets of 
serial dilutions of oil in Tween broth were prepared. The final oil concentrations were the 
same as in the agar tests. One set was not inoculated and the other three sets were inoculated 
with S. typhi, Staph. awreus and Myco. phlei respectively. The inoculation was made with a 
standard drop of the suspensions used in the agar test. The blank set and the three inoculated 
sets were incubated at 37°C. The sets containing S. typhi and Staph. aureus were examined 
for growth after 24 hours, the set containing Myco. phlei after 48 hours. The tests were 
compared with the blank set and also with a Tween broth control culture without oil. The 
blank set allowed comparison of the turbidity due solely to the oil and broth emulsion with 
the turbidity of the tests. Concentrations no greater than 16 ul. oil/10 ml. broth were often 
sufficiently clear that the growth of test organisms was not obscured and could be easily 
distinguished by comparison with the blank. Greater concentrations were frequently too 
opaque to allow adequate detection of turbidity due to growth of the test organism. The 
limiting concentration and the degree of turbidity of the blank varied with the oil tested. 

The culture media used throughout were Oxoid nutrient broth and Oxoid nutrient agar. 

The oils were not treated in any way to sterilize them but produced no obvious con- 
tamination in any test. 

Antibacterial titres. The result of examination of an oil by the Tween agar or Tween 
broth dilution test was expressed as an antibacterial titre, which was the lowest concentration 
(given as ul. oil/10 ml. medium) completely inhibiting growth of the test organism. Thus the 
greater the activity of the oil, the smaller was the titre. Except where otherwise indicated, 
the titre was determined from at least two tests done on different occasions. No high accuracy 
is claimed for these figures, determined as they were by the twofold dilution technique which 
Heatley (1949) described as singularly lacking in accuracy. However, many of our oils 
were scarce and we chose the twofold dilution technique because it offered a wide range 
of concentrations to cover three test organisms in two tests with the greatest economy of oil. 
The titres obtained gave much useful information on the relative activities of numerous 
oils and allowed the selection of the better oils for more quantitative work. 

To detect any daily variations in conditions of testing affecting the titre, the inclusion 
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of a reference standard oil with each batch of tests would have been useful but was not 
achieved during the present tests on account of the short supply of most of the oils. A 
large quantity of one of the better oils would be required as a reference oil and should be 
included in future tests. The use of a reference substance other than an oil seemed worthless 
as it would be unlikely to respond to variations, such as degree of emulsification, affecting 
the oils. 


RESULTS. 


Table 1 gives the antibacterial titres of 34 Australian essential oils by the 
Tween agar dilution and Tween broth dilution tests. 

A survey of the results shows that all the oils were active to some extent 
against Myco. phlei for which titres ranged from 47 to <1. Most of the oils 
also showed some activity against Staph. aureus with titres ranging from 125 to 
3. Against S. typhi, however, many oils showed only weak activity (titre 125) 
or no activity at 125 ul./10 ml., the strongest concentration tested (titre>125). 

In the broth dilution test 19 oils failed to give a readable test with Staph. 
aureus and S. typhi. With these oils good growth of test organisms occurred in 
the clear weaker concentrations, but in the stronger concentrations where the 
titre lay. the opacity of the oil emulsion in the broth obscured any turbidity due 
to growth of the test organisms. Thus the point at which growth ceased could 
not be observed, and the titres were therefore recorded as greater than the 
highest concentration in which growth was detected. The concentrations pro- 
ducing such obscuring opacities varied with the oil tested. The 19 oils thus 
failing in the broth test came from Eupatorium adenophorum, Eupatorium 
riparium, Eucalyptus australiana, Eucalyptus citriodora, Eucalyptus dives 
(type), Eucalyptus populnea, Melaleuca leucodendron, Melaleuca uncinata (2 
oils), Melaleuca viridiflora (2 oils), Acronychia laevis, Flindersia dissosperma, 
Geijera salicifolia (2 oils), Zanthoryllum brachyacanthum, Zieria smithti, Drimys 
aromatica, and Austromyrtus acmeneoides. In the broth dilution test with Myco. 
phlei all oils except those from Eupatorium riparium, Eucalyptus dives (type) 
and Drimys aromatica gave titres falling above the opaque concentrations and 
usually within the range tested. However, with the four oils from Geijera salici- 
folia (2 oils), Zanthoxryllum brachyacanthum and Austromyrtus acmeneoides 
no growth was observed even in the lowest concentration tested (1 pl./10 ml.). 
These titres were recorded as <1. Most of the other oils gave good titres ranging 
from 8 to 1. 

In the agar dilution test the turbidity of the oil emulsion in the agar in no 
way interfered with the observation of growth of test organisms on the surface. 
All oils gave readable results with Staph. aureus and S. typhi. The 19 oils 
failing to give a definite titre with these two organisms in the broth test mainly 
showed weak activity in the agar test. All these oils except three (Eucalyptus 
citriodora titre 125, Melaleuca uncinata 19/54 titre 125 and Zieria smithii 
titre 94), failed to inhibit S. typhi at the highest concentration tested 
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TABLE 1. 
Antibacterial titres of 34 Australian essential oils by two methods using three test organisms. 





Antibacterial titre determined by 











Oil tested Tween agar Tween broth Phenol 
dilution test dilution test coefficient 
(from Penfold 
and Grant) 
8 = M Ss = M 

Compositae 

Eupatorium adenophorum 26/54 125 | >125 8 |>31 |>31 8 — 

Eupatorium riparium 14/54 16 |>125 16 |>16 |>16 |>16 — 

(1 test only) 

Pluchea dioscoridis 158/54 24 31 4 16 31 2 — 
Lauraceae 

Cinnamomum oliveri 40/53 47 63 8 16 8 4 _ 
Monimiaceae 

Atherosperma moschata 44/53 24 31 12 10 6 10 18 

Doryphora sassafras 39/53 31 94 16 12 12 + 13 
Myrtaceae 

Austromyrtus acmeneoides 159/54 47 |>125 1 |>16 |>16 <l —_ 

Backhousia angustifolia 43/53 3 24) <1 6 6 5 — 

Backhousia citriodora 61/52 40 47 4 6 3 1 16 

Eucalyptus australiana 25/54 63 125 12 |>16 |>16 4 5 

Eucalyptus citriodora 24/54 125 125 9 |>63 |>63 8 8 

Eucalyptus dives (type) 27/54 >125 |>125 47 |>31 |>31 |>31 10 or 12 

Eucalyptus dives (var. C) 11/54 .. 63 63 20 47 8 6 — 

Eucalyptus populnea 70/52 ‘ 47 |>125 16 |>16 |>16 4 — 

Eucalyptus robertsoni 16/54 31 31 16 31 31 16 —- 

Eucalyptus rostrata 23/54 63 125 24 63 16 8 “= 

Leptospermum citratum 13/54 24 47 8 4 4 1 15 

Leptospermum liversidget 12/54 .. 12 31 8 4 3 6 —- 

Melaleuca alternifolia 38/53 63 125 31 31 24 10 11 

Melaleuca bracteata 45/53 12 24 2 12 8 3 —_ 

Melaleuca ericifolia 21/54 125 |>125 40 47 31 16 — 

Melaleuca leucodendron 22/54 94 |>125 16 |>63 |>63 16 -- 

Melaleuca uncinata 19/54 94 125 31 |>16 |>16 16 5 

Melaleuca uncinata 20/54 47 |>125 10 |>16 |>16 8 5 

Melaleuca viridiflora 95/52 63 | >125 47 |>16 |>16 8 — 

Melaleuca viridiflora 99/52 63 | >125 16 |>16 |>16 4 — 
Rutaceae 

Acronychia laevis 160/54 >125 |>125 12 |>31 |>31 1 — 

Flindersia dissosperma 161/54 >125 |>125 6 |>16 |>16 2 —_— 

Geijera salicifolia 155/54 12 |>125 | <1 >8s >8s <i — 

Geijera salicifolia 156/54 125 |>125 | <1 |>31 |>31 <l — 

Zanthoxyllum brachyacanthum 

162/54 .. “4 “A >125 |>125 | <1 |>31 |>31 <l aa 
(1 test only 

Zieria smithii 41/53 47 94 6 >8 >8s + — 
Taxaceae 

Dacrydium franklini 42/53 20 24 6 12 8 2 10 
Winteraceae 

Drimys aromatica 15/54 63 | >125 31 |>16 |>16 |>16 = 


























S = Staph. aureus B313, T = S. typhi 876, M = Myco. phlei CSL. 


Titres are given as pl. oil/10 ml. medium. 


— = not done. 
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(125 ul./10 ml.) and their titres were therefore recorded as >125. With Staph. 
aureus 16 out of these 19 oils gave observable titres varying from 125 to 12 and 
the other three oils (from Acronychia laevis, Eucalyptus dives (type) and Flin- 
dersia dissosperma) showed no activity at 125 y»l./10 ml. and their titres were 
recorded as >125. With Myco. phlei in the agar dilution test all except five oils 
gave titres within the range tested. These five oils from Backhousia angustifolia, 
Geijera salicifolia (2 oils), Zanthoryllum brachyacanthum and Austromyrtus 
acmeneoides showed no growth in the lowest concentration (1 pl./10 ml.) tested. 
Their titres were therefore recorded as <1. However, titres with Myco. phlei 
in both the broth and agar tests were influenced by inoculum size which was 
not so easily controlled with Myco. phlei as with the other organisms. Consider- 
able variation in titre was observed in some repeat tests, especially on agar. 
Obvious differences in the amount of growth in the control drops were noted 
and the tests with the heavier growths showed lower titres, mainly due to the 
appearance of a trace of growth in the higher concentrations. If this trace of 
growth was ignored, reasonably good agreement between repeat tests was 
obtained. 

Although 19 oils failed in the broth test with Staph. aureus and S. typhi, 
the remaining 15 oils in Table 1 gave titres by both the broth and agar tests. 
With few exceptions better titres were obtained by the broth test than by the 
agar test with all three test organisms. Titres for S. typhi frequently surpassed 
those for Staph. aureus in the broth test, but were usually not as good as Staph. 
aureus titres in the agar test. In both tests the Myco. phlei titres were nearly 
always better than the other two titres. The best overall activity was shown by 
oils from Backhousia angustifolia, Leptospermum liversidgei, Melaleuca bracte- 
ata and Dacrydium franklini. The highest titres were obtained in the broth test 
with oils from Backhousia angustifolia, Backhousia citriodora, Leptospermum 
citratum and Leptospermum liversidgei. These titres ranged from 1 to 6 and, 
as the specific gravity of many oils was close to 1, indicated activity at concen- 
tration of approximately 100-600 yug./ml. These concentrations, which repre- 
sented the very best oil titres, were considerably higher than those which were 
effective for a valuable antibiotic such as aureomycin (0-01—250 yg./ml., Collier, 
1954). However, the active components of an oil might, when purified, show 
much higher activity than the oil itself. 

As the agar test gave more information than the broth test it was used 
to investigate 15 Australian essential oils, many of which were in short supply 
but sufficient was available for one test. The results are given in Table 2. 

The results in Table 2 resembled those already seen in Table 1. Most of 
the oils showed little or no activity against S. typhi and all were active against 
Staph. aureus and Myco. phlei, usually with better titres against the latter. The 
various samples of oil from Chamaelaucium uncinatum showed little activity 
except oil 5 which gave a good titre against Myco. phlei, These oils came from 
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TABLE 2. 
Antibacterial titres of 15 Australian essential oils by the Tween agar dilution test. 
Antibacterial titre by the 
Tween agar dilution test Phenol coefficient 
Oil tested (from Penfold 
and Grant) 
Ss Ey M 

Labiatae 

Prostanthera ovalifolia 108/52 ioe 8 >63 16 — 
Myoporaceae 

Eremophila mitchelli 71/52 “ at 16 >63 8 —— 

Myoporum acuminatum 96/52 os 16 >63 16 — 
Myrtaceae 

Chamaelaucium uncinatum 1... ss 63 >500 31 - 

Chamaelaucium uncinatum 3... ms 63 > 500 31 _— 

Chamaelaucium uncinatum4 .. = 250 >500 63 —- 

Chamaelaucium uncinatum 5... ae 63 63 + 

Chamaelaucium uncinatum 6... i 63 125 16 

Chamaelaucium uncinatum7 .. sisi 125 > 500 125 oe 

Eucalyptus cneorifolia FHF .. a 16 125 31 7-5 

Eucalyptus phellandra 82/52... "3 31 125 8 6 

Eucalyptus polybractea 83/52 .. a 63 125 31 5 

Leptospermum scoparium 91/52 “i 31 31 31 — 

Melaleuca decora 101/52 = me 8 31 16 — 
Pinaceae 

Pinus carribeae 112/52 .. i ae 63 125 31 a 

S = Staph. aureus B313, T=S. typhi S76, M = Myco. phlei CSL, — = not done. 


Titres are given as yl. oil/10 ml. medium. 


flowers mixed to some extent with leaves. The flowers had previously been 
shown to possess antibacterial activity, but the leaves were inactive. The oils 
from Leptospermum scoparium and Melaleuca decora showed fair titres (8 to 
31) against the three test organisms and should be worthy of further investi- 
gation. Though relatively ineffective against S. typhi, the oils of Prostanthera 
ovalifolia, Eremophila mitchelli and Myoporum acuminatum gave fair to good 
titres (8 to 16) against Staph. aureus and Myco. phlei. The results in Table 2 
supported the general impression given by the results in Table 1 that the Aus- 
tralian essential oils, with few exceptions, failed to show strong antibacterial 
activity under our conditions of test. 


DISCUSSION. 


The application of two methods of testing with three test organisms allowed 
the detection of antibacterial activity in all the 49 Australian essential oils 
tested. Had Staph. aureus and S. typhi been the only test organisms, few of 
the oils would have been considered to have even fair activity. The inclusion 
of Myco. phlei, however, detected fair to very good activity in all the oils. The 
action of the better oils on other acid-fast organisms such as Myco. tuberculosis 
should therefore be examined. 
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The Tween agar test was superior to the Tween broth test as it gave readable 
results with all oils, many of which were too opaque in the Tween broth to allow 
reading of the test. Where both tests gave readable results, reasonable corre- 
lation between the relative activities of the oils was obtained though some oils 
were better placed by the broth test. Also the titres were often better in the 
broth test. Such differences might well be due to differences in constitution of 
the oils which varied considerably in physical characters such as viscosity and 
colour and also in the complexity of their components. 

Among the 49 oils tested, 30 came from members of the Myrtaceae and amply 
confirmed the earlier observation (Atkinson, 1949) that this family contained 
many active plants. The best oils, with the exception of Dacrydium franklini 
oil, came from the Myrtaceae in the genera Backhousia, Leptospermum and 
Melaleuca. Oils from two species of Backhousia and three species of Lepto- 
spermum were tested and showed good activity. However, only two oils out of 
seven from species of Melaleuca gave fair to good titres. The genus Eucalyptus 
gave rather poor results. Oils from seven species were tested but none showed 
outstanding activity. Oils from members of the Rutaceae, though generally 
showing very poor activity against Staph. aureus and S. typhi, were often 
remarkably active against Myco. phlei. The order of activity of the best oils 
was not high and fell into the approximate concentration range of 100-600 yg./ml. 
Purified active components of the oils might, however, show greater activity and 
should be worth testing. 

Phenol coefficients for 14 of the oils tested here were determined many 
years ago by Penfold and Grant (1923a and b, 1925, 1926) and are given in 
Tables 1 and 2. S. typhi was the test organism and moderate to high phenol 
coefficients were obtained with all the oils tested. Penfold and Grant therefore 
considered them good disinfectants. With one exception, the oils with phenol 
coefficients of 10 or more gave in our tests fair to good titres and included 
some of our best oils. 

The results presented here show the difficulty of assessing the antibacterial 
activity of any of these Australian essential oils by a single test or a single 
test organism. Obviously the activity of many of these oils against Myco. phlei 
was strong, but the same oils often showed little or no activity against S. typhi 
under the same conditions. However, under different conditions in the Rideal- 
Walker test, some relatively inactive oils yielded good phenol coefficients. Thus, 
according to the tests used, a single oil could yield results indicating activities 
ranging from very poor to excellent. 


SUMMARY. 


Thirty-four Australian essential oils were examined by the Tween agar and 
the Tween broth dilution tests using the three test organisms Staph. aureus, 
S. typhi and Myco. phlei. All the oils showed activity, varying from weak to 
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very good, against Myco. phlei. Most of the oils also showed some activity 
against Staph. aureus. With S. typhi, however, most of the oils showed poor 
activity. Similar results were obtained with 15 oils tested only by the Tween 
agar test. 

In the Tween broth dilution test many oils failed to give readable results 
on account of the obscuring turbidity of their emulsions. Ali oils gave readable 
results in the Tween agar dilution test which was therefore considered the 
better test, although titres were often poorer than in the broth test. 

Oils from numerous members of the Myrtaceae were included and the best 
oils came from Backhousia citriodora, Backhousia angustifolia, Leptospermum 
citratum, Leptospermum liversidgei, Melaleuca bracteata (all of the Myrtaceae) 
and Dacrydium franklini. The best titres represented an activity range of 
100-600 y»g./ml. Most of the oils showed lower activity ranges. 

From these tests, the Australian essential oils could not be considered strong 
antibacterial agents, though some were markedly active against Myco. phlei. 
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The pharmacology of some morphine antagonists has been discussed recently 
by Shaw and Bentley (1953, 1955). Although differing widely in structure, 
these compounds all display parasympathomimetie activity in vivo in addition 
to their morphine-antagonist properties. Several of these drugs are powerful 
anti-cholinesterases; others, although lacking anti-esterase activity, have a mus- 
earinie action. 


Morphine also has mild anti-cholinesterase activity, and, in the intact 
animal, produces many symptoms of parasympathetic stimulation. The posses- 
sion of parasympathomimetic properties by all these drugs suggested to us, 
firstly, that acetyl choline (A.Ch.) metabolism might be intimately involved in 
the phenomena of the narcotic action of morphine, and, secondly, that those drugs 
which antagonise this narcotic action might be acting in a manner which is 
fundamentally similar to that of morphine itself. 


The effect of morphine and the morphine antagonists on the breakdown of 
acetyl choline has already been examined (Shaw and Bentley, 1953). Although 
some are extremely powerful anti-cholinesterases, the absence of marked anti- 
choline esterase activity in the ease of 2:4-diamino-5-phenylthiazole, and the 
absence of analeptie activity in the case of powerful anti-cholinesterases such as 
D.F.P., rules out any hypothesis of action based on the anti-cholinesterase 
activity of these drugs. 

We have therefore examined the action of both morphine and the morphine- 
antagonist drugs on a different aspect of acetyl choline metabolism, namely, its 
synthesis, both in brain cells, and in cell-free extracts of brain tissue. 


Torda and Wolff (1947), using frog brain, and McLennan and Elliot (1951), 
using mammalian brain, have already shown that narcotics can affect the syn- 
thesis of acetyl choline in vitro. Johnson and Quastel (1953), examining the 
same problem, concluded that the inhibitory effects of narcotics on acetyl choline 
synthesis in brain tissue are caused by depletion of the A.T.P. content of the 
tissue. 


Austral. J. exp. Biol. (1955), 33, pp. 555-566. 
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Rat brain was chosen for study in our investigation as it has a high rate 
of A.Ch. synthesis, and most data available in the literature have been obtained 
from studies on this tissue. Dog brain tissue was used also. This was included 
for comparison since the convulsant effect of morphine is marked in the rat and 
less so in the dog, where its effects resemble more closely its action in man. 


EXPERIMENTAL. 
Drugs used in the investigation. 
(a) Morphine hydrochloride. 
(b) Morphine antagonist drugs; these comprise 
(i) 2: 4-diamino-5-phenylthiazole hydrobromide (subsequently referred to as 
D.A.P.T.). 
(ii) 1:2:3:4-tetrahydro-5-aminoacridine hydrobromide (subsequently referred to as 
T.E.A.), 
(iii) 5-aminoacridine hydrochloride, 
(iv) Eserine sulphate. 
(c) Proflavine sulphate. This was used as an example of a pharmacologically inactive 
member of the acridine series of drugs. 


Synthesis of acetyl choline by whole cell preparations of brain tissue in vitro. 

The technique of McLennan and Elliot (1951) was used. This involved incubating 
weighed portions of fresh rat brain mince in eserinised saline and subsequently estimating 
the acetyl choline content of the separated fluid. 

The saline solution had the following composition (mM per litre): NaCl (94), KCl (26), 
NaHCO, (23), MgSO, (0-4), KH,PO, (0-4), CaCl, (1-4), glucose (5), eserine sulphate 
(0-1). The concentration of eserine sulphate is lower than that used by McLennan and 
Elliot (0-4 mM per litre) as we have found that the latter concentration could reduce the 
synthesis of acetyl choline under certain conditions. In some experiments, D.F.P. (0-1 mM 
per litre) was used as an anti-cholinesterase instead of eserine. 

The mince was prepared by the technique of Trautner and Messer (1953). Accurately 
weighed 100-200 mg. quantities of mince were added to 3 ml. of bicarbonate saline solution 
contained in the incubating vessels at room temperature. The tissue was teased into fine 
strands and then incubated at 37-6°C. for periods of one to one and a half hours, under 
an atmosphere of 95 p.c. O., 5 p.c. CO,. 

Six incubation vessels were used in a single experiment. Two of these vessels contained 
saline without eserine (“control” solutions), two contained eserinised saline (“untreated” solu- 
tions), and two contained eserinised saline with added drug (“drug-treated” solutions). 

At the end of the incubation period, the incubating fluid was separated from the mince 
by centrifugation and the mince subsequently washed twice with 0-5 ml. quantities of incu- 
bating fluid. The amount of A.Ch. in the combined supernatants (subsequently referred to 
as “free” A.Ch.) was estimated directly on the toad rectus preparation. 

When the reversibility of the drug inhibition was to be measured, the brain mince, after 
being separated from the supernatant fluid, was resuspended in fresh eserinised saline and 
further incubated at 37-6°C. This operation usually required 30-40 minutes between 
incubations. 

When the contents of “bound” A.Ch. were required, the brain mince obtained after incu- 
bation, centrifugation and washing, was resuspended in an acid extraction fluid and allowed 
to remain at room temperature for several hours. The pH of the extract was then adjusted 
to 4-5 and the mixture allowed to stand in a boiling water bath for 3 minutes. On cooling, 
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the extraction fluid was separated from the cell debris by centrifugation, and the acetyl 
choline content of the neutralised supernatant determined by direct assay on the toad rectus 
preparation. The acid extraction fluid was prepared by mixing equal volumes of incubating 
fluid and 0-05 M NaH,PO, and adjusting the pH to 3 with 1-0 M HCl. 

It should be noted that the term “bound acetyl choline” is used here merely for con- 
venience; it is a measure of the amount of acetyl choline adhering to the tissue after the 
“free”? A.Ch. has been separated from it. 


Acetylation of choline by cell-free extracts of rat brain. 


This was carried out using the technique of Feldberg (1945). Extracts of acetone- 
dried powder made from rat brain were used, and the synthesis was carried out in the follow- 
ing medium: 


Saline extract of 50 mg. acetone powder 1-5 ml. 
Activator* from 100 mg. acetone powder 1-0 ml. 
Incubating fluid 1-0 ml. 
Eserine sulphate 0-5 mg. 
A.T.P. sodium salt 7-0 mg. 
Cysteine 0-5 mg. 


*«Activator” is obtained by extracting brain tissue with hot water. It has been identified 
as coenzyme A. 
The composition of the incubating fluid, expressed in mM/litre, was as follows—sodium 


citrate (50), potassium chloride (83), choline chloride (25), sodium fluoride (40), magnesium 
sulphate (12). 


The solutions were neutralized and the volume was adjusted to 4-0 ml. prior to incubation. 
Incubation was carried out for half-hour or hour periods at 37° C. 

Controls similar to those used in the whole cell synthesis were set up. These differed 
from the test solution by the omission of A.T.P., “activator,” and cysteine during the 
incubation. At the end of the incubation period and prior to commencement of the assay, 
these three substances were added. In later experiments activator prepared from rat liver 
instead of brain powder was used. 

At the end of the incubation period, the pH was adjusted to 4-5 and the mixture placed 
in a boiling water bath for three minutes. After cooling, the precipitate was removed by 
centrifugation and the A.Ch. content of the neutralized supernatant determined by direct 
assay on the toad rectus preparation. 


Assay of acetyl choline. 


The majority of assays were carried out on the eserinised toad rectus abdominis muscle 
preparation. A rough estimate of the A.Ch. contents of the untreated solutions was made, 
and then a known amount of A.Ch. added to the control to bring its concentration to approxi- 
mately the same level as the solution whose A.Ch. content was being determined. Comparisons 
were then made by a conventional two or three point assay method, and a statistical analysis 
of the results was carried out (see Finney, 1952). 

When an exact assay was not required, or when insufficient material was available, an 
estimate of the potency was made by matching doses. 

A check on the identity of the active material was made by carrying out a series of 
assays, using various test organs, with appropriate statistical analyses of the results (de la 
Lande, 1955). 


Additional investigations. 


Acetylation of aminoazobenzene by aged pigeon liver extract. The pigeon liver extract 
was prepared by the method of Kaplan and Lipmann (1948). The acetylation of amino- 
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azobenzene was carried out by the method of Handschumacher, Mueller and Strong (1951). 
This involved incubation for a half-hour period of 65 ug. aminoazobenzene in 1-03 ml. of 
solution containing 0-25 ml. of liver enzyme, 0-3 ml. of coenzyme A preparation and the 
following substances (expressed in mM per litre): sodium citrate (20), sodium acetate (25), 
A.T.P. (5), eysteine hydrochloride (10), and sodium bicarbonate (80). The drugs were 
neutralized in distilled water prior to their addition to the incubating medium. The acetyla- 
tion of aminoazobenzene was measured by the decrease in free aminoazobenzene, as shown by 
the reduction in absorption at 490 mz. 

Protein precipitant properties of the drugs used. The ability of the drugs tested to 
precipitate proteins from solution was measured in order to assess the réle of protein preci- 
pitation in the metabolic effects caused by these drugs. 

One per cent. solutions of pepsin and of a phosphorylase prepared from peas were used 
as test materials. These proteins were dissolved in M/15 sodium bicarbonate soiution and 
varying amounts of the drugs were added. The development of turbidity was taken as 
evidence of the protein precipitation. To eliminate pH effects on the proteins, the drugs 
were dissolved and neutralized if necessary in sodium bicarbonate solution prior to addition 
to the protein solution. 


RESULTS. 


Acetyl choline synthesis in brain mince. 


Effect of individual drugs. Under the experimental conditions used, the 
rate of synthesis of “free” A.Ch. varied from 16 to 26 wg. per gm. of fresh 
tissue per hour. When the ratio of tissue to fluid was maintained constant, the 
variations in the amount synthesized were much less. In many experiments, 
about 200-250 mg. of tissue were incubated in 3 ml. of fluid; in others, 100-140 
mg. of tissue were used in this volume. In the latter case, the rate of A.Ch. 
synthesis was higher, averaging 23-5+2-7 y»g./gm. fresh brain/hour, compared 
with 18-0+2-7 yug./gm. fresh brain/hour in the former case. The amount of 
acetyl choline remaining in the tissue after incubation and estimated as “bound” 
A.Ch. was usually between 3 and 4 yg./gm. 

All the drugs tested reduced the synthesis of “free” A.Ch. in rat brain 
mince. This is shown in Table 1 where the concentration of the drugs required 
to produce approximately 50 p.c. inhibition of the synthesis is listed. Of the 








TABLE 1. 
The effect of morphine and morphine-antagonist drugs on the synthesis of A.Ch. by rat brain 
mince. 
5-amino- ; 
Drug Morphine | D.A.P.T. | T.H.A. acridine Eserine | Proflavine 

Concentration required 

to cause 50 p.c. inhi- 

bition of synthesis 3 2 -06 -09 1-5 0-3 

(mM/litre) 
Effect on “bound” A.Ch, | 0-30 p.c. | 0-10 p.c. | No effect | No effect | 0-20 p.c. | 20-40 p.c. 

increase increase increase | decrease 

Number of experiments 12 10 4 ay 3 4 
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drugs tested, only morphine and eserine showed some slight tendency to increase 
the level of “bound” A.Ch., and this effect was variable. The acridine drugs 
produced in some cases a reduction in the level of “bound” A.Ch., but this 
occurred only at much higher concentrations than those listed in Table 1. 

It will be noted that there is a considerable difference between the relative 
inhibitory potencies of the different morphine-antagonist drugs. The acridine 
drug, T.H.A., is the most potent inhibitor of A.Ch. synthesis yet reported, pro- 
ducing 50 p.c. inhibition of synthesis at a concentration of 0-06 mM/litre. 
D.A.P.T. and eserine are much less active, the concentrations required to produce 
50 p.c. inhibition being of the order of 2 mM/litre. Morphine is slightly less 
active, requiring approximately 3 mM/litre to produce an ecuivalent reduction 
of synthesis; it should be noted that these concentration ranges are of the same 
order as those quoted for other narcotic and convulsive agents (McLennan and 
Elliot, 1951). 

In the early stages of these investigations, considerable variation was found 
in the concentration of morphine required to produce inhibition of synthesis. 
This variation was found to be related to the ratio of brain tissue to saline used 
in the experiment, and hence to the level of synthesis in the tissue used. The 
inhibitory potency of morphine quoted in Table 1 is obtained from experiments 
in which 100 mg. of tissue were incubated in 3 ml. of saline. This is the usual 
ratio used in metabolic experiment. The inhibitory effect of morphine was found 
to be equally marked when D.F.P. (0-1 mM/litre) was substituted for eserine. 
in some experiments. 

Both morphine and D.A.P.T. were also examined at high dilutions to test 
whether a stimulation of A.Ch. synthesis could be produced. This was attempted, 
firstly because it was thought that some of the parasympathomimetic properties 
of the drugs might be due to this factor, and secondly because McLennan and 
Elliot (1951) obtained stimulatory effects on A.Ch. synthesis with low concen- 
trations of other narcotic and convulsive drugs. 

We could not obtain consistent stimulatory effects with the two drugs 
mentioned. Occasionally stimulatory effects were obtained at concentrations of 
0-1 mM/litre and 0-03 mM/litre, but these increases were so slight and variable 
that it was considered that little purpose could be served in attempting a more 
detailed study of this effect. However, the possibility exists that certain 








TABLE 2. 
Effect of morphine and D.A.P.T. on the synthesis of “‘free” and “bound” A.Ch. by dog brain. 
Control rate of synthesis Morphine’ treated rate of D.A.P.T.! treated rate of 
synthesis synthesis 
11-4 (2-5) 2-67 (1-9) 1-76 (2-6) 











1 Concentration of morphine and D.A.P.T. each 2 mM/litre. Figures quoted refer to yg. 
A.Ch. per gm. fresh brain per hour. Figures in brackets refer to ‘“‘bound” A.Ch. 
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critical dilutions of these drugs may exist at which a more marked and consistent 
stimulation of A.Ch. synthesis occurs. 


An experiment in which dog brain mince was incubated with morphine and 
D.A.P.T. showed that the inhibitory effects of these drugs were also marked in 
this tissue. 


Effect of mixtures of drugs. Some experiments were carried out to test 
the effects of mixtures of morphine and D.A.P.T. on A.Ch. synthesis. The 
results, shown in Table 3, indicate that the inhibitory effect of D.A.P.T., both 
in high and low concentrations, is additive to that of morphine. 


TABLE 3. 
Effect of combinations of morphine and D.A.P.T. on A.Ch. synthesis. 

















Experiment I Experiment IT? 
Synthesis Rate Synthesis Rate 
Drug Added Concen- Concen- 
tration of tration of 
drug Expressed drug Expressed 
mM/litre | »g./gm/hr | as p.c. of | mM/litre | wg./gm/hr | as p.c. of 
untreated untreated 
rate rate 
Nil (untreated) — 16-3 100 — 14-5 100 
Morphine 2 12-6 67-3 2 7-6 52-5 
DAP... — -— — 2 7-6 52-5 
Morphine 2 2 : 
D.A.P.T. 2 #5 o-s 2 ling = 
Morphine 2 ; 1 . 
D.A.P.T. oa} 9-3 7-7 1 iis = 
Morphine 2 : 
D.A.P.T. 0-2} — 























1 In Experiment II, the K+ concentration was increased to 40 mM/litre and sodium pyruvate 
(10mM/litre) was used as substrate instead of glucose. 


Reversibility of drug inhibition. The ability of the tissue to restore its 
synthesising capacity after washing free of drugs was examined in the case of 
morphine and D.A.P.T. ‘The inhibitory effects of morphine were completely 
reversible, the rate of synthesis being even higher than that of untreated tissue 
which had been subject to a similar washing procedure. However, D.A.P.T.- 
treated tissue showed only a slight increase in synthesis after washing free of 
drug. 

The results of some typical experiments are shown in Table 4. 

Although these results suggest that D.A.P.T. inhibition of A.Ch. synthesis 
is irreversible, the interpretation of these results may, in fact, be more compli- 
cated. This is because the rate of synthesis in tissue which has been washed 
after incubation and prior to further incubation is usually lower during the 
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TABLE 4. 
Reversibility of drug inhibition. 
Rate of synthesis in Rate of synthesis in 
Drug Concentration first hour second hour 
in mM/litre | _ (ug-/gm tissue/hour) (ug./gm tissue/hour) 
After washing 
Untreated |Drug-treated 
Untreated |Drug-treated 

Morphine 3 18-8 10-6 8-0 10-1 
Morphine 3 23-5 14-6 13-2 17-2 
D.A.P.T. 2 15-1 7°8 14-1 | 8-2 

















second incubation period. If the incubation is, however, uninterrupted, the rate 
of synthesis (and morphine inhibition of synthesis) is constant for at least two 
hours. These aspects of acetyl choline synthesis are being further examined. 


The effect of morphine and its antagonist drugs on cell-free acetylation. 


Acetylation of choline by rat brain. The rate of synthesis of acetyl choline 
was found to vary considerably, ranging in different experiments from 400 to 
1500 »g./gm. dry brain/hour. The drugs used and their maximum concentra- 
tions (expressed in mM per litre) were as follows: morphine (10), D.A.P.T. (6), 
T.H.A. (4-5), proflavine (2). In no case was inhibition of synthesis observed, 
despite the fact that these concentrations are at least four-fold and, in the case 
of T.H.A., almost 100-fold those producing inhibition of whole cell synthesis. 
Of interest is the fact that the concentrations of T.H.A. and proflavine used in 
these experiments were well above the level required to cause observable protein 
precipitation from solution. 


Acetylation of aminoazobenzene by aged pigeon liver extract. A sample of 
aged pigeon liver extract was used, which, under the experimental conditions 
outlined, acetylated aminoazobenze at rates of 88-90 pg. aminoazobenzene per 
hour. 


Morphine, D.A.P.T. and T.H.A. were tested on this system. As in the 
cell-free acetylation of choline, morphine and D.A.P.T. were without effect in 
concentrations which markedly affected the whole cell acetylation of choline in 
rat brain. T.H.A., however, in a concentration of 1-5 mM per litre, reduced 
the acetylation of aminoazobenzene by 66 p.c. This concentration is, however, 


within the range of that at which protein precipitation occurs and it is possible, 
therefore, that the inhibitory effect of T.H.A. is not metabolic in nature. The 
effect on this system of T.H.A. and other acridine drugs is being further 
examined. 
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Effect of morphine and its antagonist drugs on proteins in solution. 


Morphine, D.A.P.T., and eserine, in concentrations of up to 3 mM/litre did 
not produce precipitation of proteins from solution. The acridine drugs, how- 
ever, produced a noticeable precipitation of the two proteins tested, from solu- 
tion. Proflavine was most active, producing precipitation at concentrations 
ranging down to 0-3 mM per litre. T.H.A. and 5-aminoacridine were somewhat 
less active, producing precipitation at concentrations greater than 1-0 mM/litre. 


DISCUSSION. 


The most interesting feature to emerge from these results is the fact that 
the inhibition of A.Ch. synthesis in whole cell preparations of brain is a property 
which is common to morphine and all the morphine-antagonist drugs so far 
examined. 

We cannot, as yet, put forward an explanation of the mechanism of this 
inhibitory action. The results of the experiments carried out with cell-free 
extracts of rat brain exclude, however, a direct action of these drugs on enzymes 
concerned with the production of acetyl coenzyme A from citrate and the 
subsequent acetylation of choline via choline acetylase. Although interference 
with the utilization of coenzyme A or ATP is thus ruled out, interference with 
their production is still a possible mechanism, as postulated by Quastel for 
nareotic drugs (Johnson and Quastel, 1953). Glucose was used as a substrate 
in most experiments. Inhibition of glycolysis may therefore have been a factor 
in producing inhibition of A.Ch. synthesis. This was excluded however in the 
ease of morphine, D.A.P.T. and T.H.A., by the use of sodium pyruvate as sub- 
strate instead of glucose in some experiments. Also direct measurements of the 
effect of morphine and T.H.A. on anaerobic glycolysis in rat brain mince showed 
no inhibition in this system (Messer, 1954). 

Since it is unlikely that each member of the group of drugs studied will 
act on A.Ch. synthesis by an identical mechanism, detailed studies on each drug 
will be required before we can fully understand the mechanism of inhibition 
and the relation of this to their in vivo activity. In fact, the present investi- 
gation has pointed to some essential differences between the metabolic effects of 
these drugs. Firstly, morphine inhibition of A.Ch. synthesis is completely 
reversible, whereas D.A.P.T. inhibition appears to be only partly so. Secondly, 
proflavine inhibition of whole cell synthesis of A.Ch. oceurs at concentrations 
which also cause protein precipitation and it is possible therefore that inhibition 
caused by this drug is not of metabolic significance. 

1:2:3:4-Tetrahydro-5-aminoacridine (T.A.H.) has proved to be an ex- 
tremely interesting member of the series of morphine antagonist drugs, and our 
investigations and those of Bentley and Shaw (1955) have shown it to possess 
the following properties : 

(i) It is the most powerful of all the morphine antagonist drugs. 
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(ii) It is a potent inhibitor of the whole cell synthesis of A.Ch. (in concen- 
tration of 0-06 mM/litre). 
(iii) It is a highly potent inhibitor of choline esterase (in concentration of 
0-002 mM/litre) (Shaw and Bentley, 1953). 
(iv) It possesses protein precipitant properties in concentration above 
1 mM /litre. 
(v) It inhibits the acetylation of aminoazobenzene by aged cell-free pigeon 
liver extracts. 
(vi) At concentrations considerably above those necessary for protein preci- 
pitation it is devoid of inhibitory action on the acetylation of choline 
by cell-free extracts of rat brain. 


It is possible that an explanation of the last two effects might be sought 
in the relatively high pKa values of the acridine drugs. 
only 5-aminoacridine, T.H.A., and proflavine, caused precipitation of proteins 
and these are all acridine drugs with unusually high pKa values. 
fact that the pKa value of T.H.A. (10) lies between aminoazobenzene (weak 
base) and choline (strong base) might account for its inhibitory action of the 
enzyme system utilizing aminoazobenzene, but not on that utilizing choline. 


Of the drugs tested, 


Possibly the 











TABLE 5. 
Analeptic Activity 
Concentration 
Minimum dose Inhibition | Inhibition | required to 
Drug required for | “Arousal”? |Convulsant|] of A.Ch. | of choline | precipitate 
arousal in mM} Syndrome | Activity | Synthesis! | esterase! proteins 
per kilo (mM/litre) 
body weight 
5-amino- 0-02 Good arousal! Marked 0-08 0-0001 1-0 
acridine with excite- 
ment 
1:2:3:4- 0-02 Very good | Marked 0-06 0-00005 1-0 
tetrahydro- arousal, 
5-aminoacri- Marked 
dine (T.H.A.) excitement 
2-4-diamino- 0-16 Good arou- | Slight 2-0 Inactive Nil 
5-phenyl sal. Slight at 0-1 
thiazole excitement e 
(D.A.P.T.) 
Eserine 0-001 Arousal de- | Nil 1-5 0-00005 Nil 
layed. No 
excitement 
Proflavine -—— —- Nil 0-3 Inactive 0-3 
at 0-001 
Morphine — — Some in 3-0 0-1 Nil 
rat, slight 
in dog. 























1 All figures here refer to the concentration of drug required in mM/litre to produce 50 p.c. 


inhibition. 
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Although those drugs which antagonize the action of morphine in vivo have 
all proved to be inhibitors of A.Ch. synthesis in vitro, quantitative comparison 
of their relative potencies in these regards does not demonstrate a clear relation 
between these properties. It appears rather that the relative ability of the drugs 
to inhibit the synthesis of A.Ch. in vitro is correlated with the speed of arousal 
from, and degree of excitement on arousal from, morphine narcosis and not with 
the minimum dose required to produce arousal. Some of these relations will be 
evident from an inspection of the data in Table 5. This Table represents an 
assessment of the relevant in vivo and in vitro effects of the drugs studied. 


This chart indicates that the most potent inhibitors of A.Ch. synthesis, 
namely, 5-aminoacridine and T.H.A., produce in vivo a rapid arousal of mor- 
phinized dogs, together with symptoms of marked alertness and excitement in 
the animals concerned. D.A.P.T., which is a less powerful inhibitor of A.Ch. 
synthesis, requires a higher dosage to produce arousal in dogs and this arousal 
is associated with much less excitement than occurs with the acridine drugs. 
The arousal produced in dogs by eserine is marked by a considerable delay and 
lack of excitement. Despite the fact that it requires the lowest dosage of all 
the drugs tested to produce arousal, its antagonist action against morphine cannot 
be rated as effective as that of the acridine drugs and D.A.P.T. Its inhibitory 
action on A.Ch. synthesis is weak by contrast with the acridine drugs. 


An interpretation of the mode of action of morphine antagonist drugs in 
terms of acetyl choline synthesis raises the problem that morphine also has an 
inhibitory action on the synthesis. Furthermore, the inhibitory effects of 
morphine and D.A.P.T. are additive. 


This would suggest that acetyl choline synthesis does not play a réle in 
morphine narcosis or arousal from narcosis. However, another interpretation 
is possible; namely, that morphine and morphine antagonist drugs act in vivo 
by fundamentally similar mechanisms, but the exact nature of the pharma- 
ecological effect produced varies according to which area of the brain is most 
affected in this respect. Morphine narcosis and arousal from morphine narcosis 
could be explained as a function of the activity of complementary but antagonist 
centres in the brain, situated either in the cortex or in the reticular substance. 
The narcotic action of morphine would result from its inhibitory action on excita- 
tory centres, thus leaving complementary inhibitory centres exposed. The mor- 
phine antagonist drugs, by exerting an inhibitory action on the exposed inhibitory 
centres, could restore a balance between the two systems, giving rise to a normal 
or “arousal” state in the animal concerned. 


SUMMARY. 


The effect of morphine, and a number of morphine-antagonist drugs, on the 
synthesis of acetyl choline in rat brain tissue has been studied. 
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All these drugs inhibit the acetylation of choline in whole cell preparations 
of brain, although their potency in this regard differs widely. The inhibitory 
effects of morphine and one of its antagonists, 2:4-diamino-5-phenylthiazole, 
were found to be additive. 

None of the compounds studied inhibit the acetylation of choline by cell-free 
extracts of rat brain. 

The relation of these findings to the in vivo activity of these drugs is 
discussed. 
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THE PANCREATIC LESION IN ADULT MICE INFECTED 
WITH A STRAIN OF PLEURODYNIA VIRUS 


3. THE RESPONSE OF THE PANCREAS TO THE SIMULTANEOUS 
PRODUCTION OF AMYLASE AND VIRUS 


by J. K. DINEEN! anp J. S. ROBERTSON? 
(From the Department of Pathology, University of Adelaide). 


(Accepted for publication 11th July, 1955.) 


A virus pathogenic for infant mice and designated PL.5 was isolated from 
a case of pleurodynia during a small epidemic late in 1950. The general charac- 
teristics of this virus, which resembles the viruses of Dalldorf’s group B (1950), 
and the group 3 viruses of Pappenheimer (1950), were described by Atkinson, 
Dineen and Robertson (1951). The pathogenicity of the PL.5 virus for adult 
mice was also reported, and further studies of its activities and of the histological 
evolution of the disease processes produced in adult mice were described by 
Dineen and Barter (1953). 

Pappenheimer (1951) reported the occurrence of pancreatic lesions in adult 
mice infected by the Conn. 5 strain of the Coxsackie viruses. Dineen and Barter 
showed that the PL.5 strain produced similar lesions. However, this resem- 
blance did not extend to the responses induced by the two viruses in the infant 
host, for while the PL.5 strain produced focal muscle necrosis as well as visceral 
lesions, the Conn. 5 strain of Pappenheimer did not affect skeletal muscle. 

Dineen (1954) correlated the rise in titre of the virus in the pancreases 
of adult mice with the series of complex changes in the acinar cells described in 
a study with the light microscope by Dineen and Barter, and the morphological 
aspects of the pancreatic lesion were amplified by Robertson (1954) in an electron 
microscopical study. 

The purpose of this paper is to record the response of the adult mouse 
pancreas to the stress of producing both amylase and PL.5 virus during the 
36 hours following intraperitoneal inoculation of the virus. 


MATERIALS AND METHODs. 


Preparation of virus suspensions. Moribund animals from the passage of the PL.5 
virus in infant mice were decapitated and both fore and hind limbs removed and stored at 





1Aided by the Mortlock Bequest of the University of Adelaide. 
*In receipt of a grant from the National Health and Medical Research Council of 
Australia. 
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—30°C. The limbs were reduced to a smooth paste in a mortar previously frozen at —30° C. 
The homogenate was suspended in chilled physiological saline to form a 20 p.c. suspension 
by wet weight. After centrifugation for 30 minutes at 3,000 r.p.m. the supernatant fluid 
was transferred to a sterile 1 oz. McCartney bottle and 5 mg. of streptomycin and 500 units 
of penicillin were added per ml. of suspension. After bacteriological sterility had been 
demonstrated, the preparation was dispensed in 1 ml. aliquots into sterile 1 oz. McCartney 
bottles and stored at —30°C. until required. 

Titration of amylase in the pancreases of normal and infected adult male mice. Because 
the work was carried out according to a strict time schedule, a rapid and reproducible method 
for estimating amylase was sought. The following method was satisfactory. 

Each animal was exsanguinated by decapitation and the pancreas removed, weighed on 
a torsion balance, and immediately frozen in a mortar previously cooled to —30°C. The 
pancreas was then powdered in the frozen state and a 10 p.c. homogenate was prepared 
in chilled 0-25 p.c. saline. 

Two series of overlapping serial twofold dilutions of the pancreatic homogenate were 
prepared in 0-5 ml. volumes in 0-25 p.c. saline. The first series comprised the range of 
dilutions 1/60 to 1/15360 and the second series the range 1/80 to 1/20480. One ml. of 
5 p.c. soluble starch solution was added to each tube and, after shaking, the tubes were 
incubated in a water bath at 40°C. for one hour. Two ml. of 0-01 p.c. iodine in 5 p.c. 
potassium iodide solution were then added to each tube, and the end point was recorded 
as the logarithm of the reciprocal of the higher dilution of the two tubes in which the 
erythrodextrins were readily detected. 

Earlier morphological studies showed that considerable interlobular oedema might occur 
in the pancreas following infection. Consequently, the dilutions were corrected nephelo- 
metrically. However, analysis of the nephelometer readings showed that this precaution was 
unnecessary. 


EXPERIMENTAL. 


The experiment was conducted in two parts. 


Part 1. This comprised the determination of amylase levels in pancreases 
from non-infected animals and from animals infected with the PL.5 virus for 
12, 24 and 36 hours. Estimations were carried out on animals before and 7 
hours after treatment with pilocarpine. 


The estimations which were carried out on animals before pilocarpine treat- 
ment were analysed sequentially, using the statistical techniques developed by 
Wald (1947) and modified by Barnard (1947). The determination of amylase 
levels in the pancreases from non-infected and infected animals, 7 hours after 
pilocarpine treatment, was terminated when the experiment which was conducted 
sequentially reached a decision. 


Eight male mice aged 10 weeks were randomized in four groups containing 
two animals. Three pairs were injected intraperitoneally with 0-2 ml. of a 
20 p.e. infant mouse muscle suspension of the PL.5 virus at 12-hour intervals 
so that animals which had been infected for 12, 24 and 36 hours were simul- 
taneously available. The remaining two animals were not injected with the 
virus. 
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One animal from each of the four groups was set aside and the remaining 
four animals were injected 5 times with 0-1 ml. of an 0-1 p.c. pilocarpine nitrate 
solution in distilled water at consecutive 15-minute intervals. 


Immediately after the administration of the pilocarpine, the four animals 
not treated were exsanguinated by decapitation and the pancreases removed for 
estimation of the amylase content. The amylase levels in the pancreases of the 
animals treated with pilocarpine were estimated 7 hours after the last adminis- 
tration of the drug. 


All animals were starved during the 24 hours preceding the pilocarpine 
treatment, and the “pilocarpined” group of animals was also starved after 
treatment. 


This experiment constituted one replication, and sixteen replications were 
completed before a decision was reached concerning the effect of the virus on 
the amylase levels in the pancreases. 


During the course of this work the serial passage of the virus through 
infant mouse muscle progressed from the 26th to the 31st passage. 




















TABLE 1. 
Pancreatic amylase titres of infected and non-infected animals before treatment with pilocarpine 
Hours after injection 
Replica- Non- of virus Linear 
tions Infected Uns-c) | Upeecy | Ucse-c) Component 
Cc l Ux.c. 
12 hours | 24 hours | 36 hours 
1 3-446 3-184 3°433 3-679 —1-00 | —1-00 | +1-00 +1-00 
2 3-327 | 3-332 | 3-327 | 3-726 —0-98 | —1-00 | +1-36 +1-41 
3 3-395 3-601 3-654 4-075 —0-15 | +0-95 | +1-59 +1-64 
4 3-858 3-634 3-534 3-701 —0-68 | —0-19 | +1-37 +1-38 
5 3-289 3-849 4-035 3-916 +0-41 | +0-78 | +1-70 +1-70 
6 3-482 3-614 3-685 3-314 +0-59 | +0-99 | +1-52 1-56 
7 3-218 3-399 3-548 3-529 +0-82 | +1-28 | +1-74 +1-80 
8 3-634 3-498 3-479 3-498 +0-63 | +1-10 | +1-60 +1-67 
9 3-529 3-257 3-548 4-025 +0-24 | +1-12 | +1-87 +1-94 
10 3-098 3-283 3-386 2-988 +0-46 | +1-36 | 41-77 +1-88 
11 3-197 3-473 3-266 3-366 +0-76 | +1-43 | +1-89 +1-95 
12 3-228 3-008 3-581 3-493 +0-49 | +1-68 | +2-06 +2-17 
13 3-348 3-622 3-509 3-366 +0-76 | +1-81 | +2-08 +2-16 
14 3-516 3-367 3-682 3-618 +0-59 | +1-94 | +2-15 +2-28 
15 3-554 3-395 3-473 3-584 +0-42 | +1-86 | +2-17 
16 3°458 | 3-317 | 3-491 3-845 +0-20 | +1-89 | +2-37 
17 3-417 3-526 +1-98 
18 3-667 3-632 +1-96 
19 3-425 3-628 +2-10 
20 3-529 3-799 +2-28 
Average 3-431 3-427 3-561 3-608 
































U =T/S where T = 2(x—c) andS = 2(x—c)?* 
Uno. = 2(—3xe—1x 1241x2443 x 36) | Vf 2(—3 xe—1 x 124+-1x 2443 x36)? 
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TABLE 2. 


Pancreatic amylase titres of infected and non-infected animals 7 hours after treatment with 
pilocarpine 














Hours after injection of virus 
Non-Infected 
Replications Cc 
12 hours 24 hours 36 hours 

1 3-313 3-054 2-999 3-137 
2 3-454 2-976 3-448 3-179 
3 3-659 3-438 3-668 3-515 
4 3-726 3-480 3-223 3-849 
5 3-252 3-514 3-791 3-614 
6 3-515 3-614 3-242 3-381 
z 3-491 3-593 3-327 3-414 
8 3°42 3-558 3-242 3-300 
9 3-47% 3-458 3-724 3-200 
10 3-197 2-590 3-615 3-256 
11 3-459 3-425 3-565 3-408 
12 3-558 3-581 3-172 3-391 
13 3-804 3-509 3°327 3-253 
14 3-408 3-473 3-570 3-942 
15 3-610 3-241 3-480 3°312 
16 3-381 3-709 3-241 3-746 
Average 3-482 3-388 3-415 3-431 

















The amylase levels in pancreases collected from the infected and non-infected 
animals, before pilocarpine treatment, are given in Table 1 and summarized in 
Fig. 1; and Table 2 shows the levels in the infected and non-infected group 
7 hours after pilocarpine treatment. 

The results given in Table 1 and represented graphically in Fig. 1 show that 
the level of amylase in the pancreases of animals infected for 24 and 36 hours 
with the PL.5 virus was higher than the level in animals not infected. 

Although the experiment was sufficiently powerful to detect a difference 
of 0-50 S.D. with 80 p.e. certainty, there was no evidence of any appreciable 
difference between the amylase levels of the group of animals infected for 12 
hours and the non-infected group. 

The polynomial 

Y=a+bx+ex?+dx$ 
was orthogonally fitted to the data accumulated in Table 1 and the linear com- 
ponent reached sequential significance at the 14th replication (see Table 1 and 
Fig. 1). 

The results recorded in Table 2 show that no obvious differences have 
occurred between the pancreatic amylase levels of the non-infected group and 
the infected groups, 7 hours after treatment with pilocarpine. 

Part 2. This comprised the determination of amylase levels in pancreases 
removed from non-infected animals and from animals infected with the PL.5 
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Pig. 1. Sequential analysis of the amylase levels in pancreases removed from 
infected and non-infected animals. 





virus for 12, 24 and 36 hours, and 1, 2 and 4 hours after pilocarpine treatment. 
This work was planned, carried out and statistically analysed as a non-sequential 
experiment. 

Thirty-six 10-week old male mice were randomly distributed in four groups 
of 9 animals. Three groups of animals were injected intraperitoneally with 
0-2 ml. of a 20 p.c. infant mouse muscle suspension of the PL.5 virus at intervals 
so that groups of animals which had been infected for 12, 24 and 36 hours were 
simultaneously available. The remaining group was not injected with virus. 
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The four groups were then treated with pilocarpine nitrate (vide supra) 
and the pancreases were collected from 3 animals selected at random from each 
group and at 1, 2 and 4 hours after the administration of pilocarpine. The pan- 
ereases from each group were pooled, weighed, and the amylase titres deter- 
mined. This experiment was repeated four times. 

During the course of this work the serial passage of the virus through infant 
mouse muscle progressed from the 32nd to the 35th passage. 

The amylase titres and their graphical representation are given in Table 3 
and Fig. 2. The average amylase titres of the pancreases harvested from the 
infected and non-infected animals before pilocarpine treatment and 7 hours after 
piloecarpine treatment are also included in Fig. 2. 

The data included in 
Table 3 and represented 
graphically in Fig. 2 show 4000 
that the amylase titres in 
the pancreases collected x 
from the non-infected and 
the infected groups of mice 


were reduced to the same _ . a 
minimum level. This level 
x 
was detected one hour after r ° 
: é ‘ Amylase ' 
concluding the pilocarpine Titre . 
treatment. ‘ 
The minimum amylase 
titre was about 0-2 logs, 2000 F 


creases of animals which 
were not infected or treated 
with pilocarpine. Conse- 1300 
quently, after injecting the 
drug into the mice, an 
average reduction of 40 p.c. 
occurred in the amylase Fig. 2. Average amylase levels in the pancreases re- 


titre in the pancreases of moved from infected and non-infected animals before 


. and after pilocarpine treatment. The amylase titre is 
the non-infected group and expressed as the reciprocal of the end-point dilution. 


10 below that in the pan- L 
a a 
o< 








1 2 =. 
Hours After Pilocarpine Treatment 





40 p.¢., 55 p.c. and 60 p.c. A A Non-infected. 

reductions occurred in the O——O Infected for 12 hours. 
‘ x——x Infected for 24 hours. 

groups infected for 12, 24 @——@ Infected for 36 hours. 


and 36 hours respectively. 

The amylase titres estimated in the pancreases harvested from the non- 
infected and the infected groups, 4 hours after pilocarpine treatment, show 
that these levels were higher in the infected groups than in the non-infected 
animals. 












574 





J. K. DINEEN anp J. S. ROBERTSON 


The results of this experiment suggest that the PL.5 virus stimulated the 
rate of the pancreatic amylase regeneration after the infected animals were 
treated with pilocarpine. 


DISCUSSION. 


As the number of observations required to detect a given difference is usually 
less in sequential testing than in non-sequential analysis (Wald, 1947), the first 
part of the work was carried out sequentially using the t-test suggested by 
Barnard (1947), and described in Davies (1954). 

A priori evidence on the nature of the response of the pancreatic amylase 
titres following PL.5 virus infection was not available. Consequently a double- 
sided sequential test was selected which controlled the possibility of chance 
effects at the 10 p.c. level (a=0-10) and which would detect a difference greater 
than 0-50 S.D. with more than 80 p.c. certainty (8=0-20). This plan was the 
most powerful of those which could be expected to yield a decision in the time 
available. 

An increase of the pancreatic amylase titre was demonstrated for the groups 
of mice infected with the PL.5 virus for 24 hours and 36 hours. No appreciable 
increase was detected in the pancreases of animals which were infected for 12 
hours. The statistic U reached sequential significance at the 16th replication of 
the amylase titrations in the group of animals infected for 36 hours, and at the 
20th replication of the amylase titrations in the group infected for 24 hours. 

The earlier attainment of sequential significance of U for the 36 hours 
infected group suggested (but did not prove) that the increase of the pancreatic 
amylase titre became more marked as the infection progressed. In addition, a 
sequential plot of the linear trend on time of infection reached significance at 
the 14th replication. Clearly the information of this analysis is heavily weighted 
by the titres estimated in the pancreases of the animals which were infected for 
36 hours. 

The increased amylase levels observed in the pancreases of the infected 
animals suggested that either an increased rate of production or the retention 


TABLE 4. 


Analysis of variance of the pancreatic amylase titres of the non-infected and the infected groups 
of animals 7 hours after pilocarpine treatment 











Degrees of Sum of Squares Mean Square 
Source of Variance Freedom S.S. M.S. 
Correction Factor 1 752,535 
Replications 15 1,147,435 76,496 
Treatments 3 75,124 25,041 
Error 45 2,156,882 47,931 
Total 63 3,379,441 














For the convenience of calculations 3-000 was subtracted from the log. titres and the 
differences multiplied by 1,000. 
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of amylase had occurred. The response may also have been caused by a com- 
bination of these effects. 

The analysis of the amylase titres of the “pilocarpined” animals in the 
non-infected group and in the groups infected for 12, 24 and 36 hours is given 
in Table 4. This analysis is appropriate because the work was terminated non- 
sequentially. 

The analysis shows no evidence that a significant difference has occurred 
between the pancreatic amylase titres of the non-infected and the infected groups 
of animals 7 hours after pilocarpine treatment. In fact, the treatment mean 
square is, by chance, much less than the error mean square. The large, although 
not significantly large, M.S. for replications was derived from the low titres 
recorded for replications one and two (see Table 2). 

Preliminary work showed that the minimum level of amylase in the pan- 
creases removed from stock mice occurred about one hour after the animals were 
treated with pilocarpine. The response of the infected groups was expected to 
take one of three courses— 

(a) The reduction of the amylase titre would be a constant proportion of 

the titre present before treatment with pilocarpine; 

(b) The reduction would be a constant amount which was independent of 

the titre before pilocarpine treatment; or 


TABLE 5. 


Analysis of variance of the pancreatic amylase titres of the non-infected and the infected groups 
of animals 1, 2 and 4 hours after pilocarpine treatment. 




















Degrees of Sum of Squares Mean Square 
Source of Variance Freedom 8.8. M.S. 
Correction Factor 1 3,430,421 
Non-Infected Vs. Infected (D) 1 69,345 
Between Infected (C) 2 25,272 
Virus Infection 3 94,617 
Pilocarpined 2 hours (P,) 
Vs Pilocarpined 1 hour (P,) (A) 1 15,842 
Pilocarpined 4 hours 
Vs 4(P,+P,) (B) 1 318,321 
Pilocarpine Treatment 2 334,163 
Interactions: 
AxC 2 26,257 13,129 
AxD l 2,281 2,281 
BxC 2 43,479 21,740 
BxD 1 63,962 63,962 (sig. at 5% 
level) 
Pilocarpine Treatment 
x Virus Infection 6 135,979 
Treatments 11 564,759 
Replications 3 119,295 
Replications x Treatments (Error) 33 481,191 14,582 
Total 47 1,165,245 














3-000 was subtracted from the log. titres and the differences multiplied by 1,000. 
























given in Table 5. 


non-infected group. 
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(ec) The levels in the infected groups one hour after pilocarpine treatment 
would be the same as the minimum level observed in the stock mice. 


A difference between the pancreatic amylase titres of the non-infected and 
the infected group of animals, 7 hours after pilocarpine treatment, was not 
detected. However, a difference in the response of these groups might be 
expected earlier than 7 hours. Consequently the amylase levels in the pancreases 
from non-infected animals and from animals infected with the virus for 12, 24 
and 36 hours, and 1, 2 and 4 hours after pilocarpine treatment were determined. 

The appropriate analysis of variance of the results recorded in Table 3 is 


The comparisons, P2-P;, designated (A), and P4-4(P,+P2), designated (B), 
were appropriate to test the difference in the rate of response of the non-infected 
groups and the infected groups at 


1, 2 and 4 hours after pilocarpine 


TABLE 6. 


Analysis of variance of the pancreatic amylase titres of the non-infected and infected groups of 
animals | hour after pilocarpine treatment 


treatment. The interactions of these comparisons with the comparison non- 
infected vs. infected, (D), and with between times of infection, (C), are included 
in this analysis. The M.S. for interaction of BXD was significant at the 5 p.e. 
level. Thus the rate of response of the infected groups over the time interval 
2 to 4 hours after pilocarpine treatment was different from that observed in the 


However, a priori, it was suggested that the levels in the infected groups 
one hour after pilocarpine treatment might be the same as the minimum level 
in the non-infected group. The amylase levels which were obtained in these 
groups of mice have been analysed and the analysis is summarized in Table 6. 





Degrees of 





Sum of Squares 


Mean Square 



















Source of Variance Freedom S.S. M.S. 
Correction Factor 1 562,500 
Replications 3 98,247 
Treatments 3 7,950 2,650 
Error 9 100,429 11,159 
Total 15 206,626 








3-000 was subtracted from the log. titres and the difference multiplied by 1,000. 


The M.S. (2,650) caleulated for treatments shows that the amylase levels 
estimated in the infected and non-infected groups, one hour after pilocarpine 
treatment, did not conflict with the hypothesis that the minimum amylase levels 
in these groups were estimates of the same base level. 

Therefore, the isolation for analysis of the titres estimated in the non- 
infected group and the infected groups, 4 hours after pilocarpine treatment, is a 
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TABLE 7. 


Analysis of variance of the pancreatic amylase titres of the non-infected and infected groups of 
animals 4 hours after pilocarpine treatment 














Degrees of Sum of Squares Mean Square 
Source of Variance Freedom 8.8. M.S. 

Correction Factor 1 2,340,900 

Non-Infected Vs. Infected 1 145,322 145,322 (sig. at 1% 
level) 

Between Infected 2 8,387 4,194 

Virus Treatment 3 153,709 51,236 (sig. at 5% 
level) 

Replications 3 98,364 32,788 

Rx VT (Error) 9 117,813 13,090 

Total 15 369,886 














3-000 was subtracted from the log. titres and the differences multiplied by 1,000. 


more powerful test of a different rate of response between these groups. This 
analysis is given in Table 7. 

The M.S. (145,322) estimated for the comparison of the amylase levels of 
the non-infected group vs. the infected groups reached significance at the 1 p.c. 
level. Thus a different rate of response occurred in the infected groups during 
the 4 hours after pilocarpine treatment from that which occurred in the non- 
infected group. This response has been demonstrated at the 1 p.c. level of 
significance. 


SUMMARY. 


It has been shown that, using the PL.5 strain of pleurodynia virus,—(1) 
the titre of pancreatic amylase was higher in the animals infected for 24 and 36 
hours than in the non-infected animals; an appreciable increase was not detected 
in the group of animals infected for 12 hours; (2) pilocarpine treatment reduced 
the level of amylase in both infected and non-infected animals to the same level; 
and (3) enzyme regeneration was faster in the infected than in the non-infected 
animals following pilocarpine treatment. 


The conditions which prevailed during the earlier studies of the PL.5 virus 
were comparable with those under which the present work was conducted and, 
therefore, it seemed reasonable to correlate these results. During the course of 
the infection in adult mice, the titre of virus in the pancreas increased from an 
L.D.59 of 10°*®5 at 6 hours to 10°7-** at 31 hours (Dineen, 1954). Consequently 
the pancreas was able to cope with the simultaneous production of virus and 
amylase and, further, the infected pancreas was potentially able to produce 
amylase at a greater rate than the non-infected pancreas. 
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THE METABOLISM OF THE SEMINAL VESICLE OF THE 
GUINEA-PIG 


4. THE ROLE OF HEXOKINASE AND PHOSPHATASE IN THE FORMATION 
OF FRUCTOSE 


by G. M. KELLERMAN? 


(From the Department of Biochemistry, University of Sydney). 
(Accepted for publication 9th June, 1955.) 


One of the characteristic activities of the seminal vesicle of the guinea-pig 
is the secretion of free fructose. At least in rabbit and man (Mann and 
Parsons, 1950), there is a definite relationship between the level of the blood 
glucose and the seminal fructose. It is thought that blood glucose is phosphory- 
lated at the expense of adenosine-triphosphate (ATP) under the influence of 
hexokinase to glucose-6-phosphate (G6P); the latter, under the influence of 
phosphohexoisomerase, forms the equilibrium mixture of G6P and fructose-6- 
phosphate (F6P); finally the phosphate is split off by phosphatase, leaving the 
free hexoses. It is considered that both the G6P and F6P are hydrolysed, and 
that glucose is reutilized while fructose is secreted (Mann and Lutwak-Mann, 
1951). In support of this proposal slices of rat coagulating gland (which 
secretes fructose) were found to glycolyse glucose at a much more rapid rate 
than fructose. Parr and Warren (1951) found that the phosphatase in the gland 
was relatively non-specific in its attack on hexose phosphates, at least at pH 9. 
Recently a histochemical investigation of phosphatase activity at various pH 
levels, including the physiological range, in the rat seminal vesicle (Kuhlman, 
1954) demonstrated a more rapid liberation of inorganic phosphate from F6P 
than from G6P; the optimum pH for this activity was about 6-5. The enzyme 
was very labile, as it could not be demonstrated unless the fresh tissue was 
immediately cooled to —20° C. and frozen sections rapidly prepared. 


The present investigations were commenced in an attempt to characterize the 
hexokinase, phosphohexoisomerase and phosphatase present in the mucosal cells 
of the seminal vesicle, to measure their relative activities against the two hexoses 
or their phosphates, and to determine intracellular distributions where possible. 
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MATERIALS AND METHODs. 


Animals were sacrificed by a blow on the head and the seminal vesicle mucosa obtained 
as soon as possible after death, as described in a previous publication (Humphrey and 
Kellerman, 1955). The tissue was homogenized in either 0-156 M KCl or 0-25 M sucrose, 
using a glass tissue grinder with “Teflon” pestle, the whole surrounded by an ice-bath. 

Hexokinase was estimated either by direct measurement of hexose disappearance following 
incubation of sugar and ATP, or by spectrophotometric assay according to Slein (1950), 
using the reduction of triphosphopyridine nucleotide (TPN) as a measure of the activity. 

Phosphatase activity was determined by measurement of inorganic phosphate liberated 
after incubation with the appropriate substrate. The reaction was stopped by adding 72 p.c. 
perchloric acid to make a final concentration of 10 p.c., the suspension centrifuged and 
inorganic phosphate determined in the supernatant by the method of Allen (1940). 

ATP of 90 p.c. purity was prepared by the method of Umbreit, Burris and Stauffer 
(1951), and assayed enzymically according to Kornberg (1950). 

TPN of 30 p.c. purity was prepared and assayed by the method of LePage and Mueller 
(1949), and proved free of diphosphopyridine nucleotide using ethanol dehydrogenase (Racker, 
1950). 

Glucose-6-phosphate dehydrogenase was prepared by the method of Warburg and Christian 
(1932), dissolved in 0-1 p.c. sodium bicarbonate (LePage and Mueller, 1949), and aged at 
0 to —10° C. until free from hexokinase activity. 

Phosphohexoisomerase (including phosphomannoisomerase) was prepared from rabbit 
muscle according to Slein (1950). 

G6P and F6P were prepared according to Hers, Beaufays and de Duve (1953), and had 
about 5 p.c. cross contamination, judged by the reaction with G6P dehydrogenase and TPN 
in the presence and absence of phosphohexoisomerase. 

Mannose-6-phosphate (M6P) of about 60 p.c. purity was prepared by the polyphosphoric 
acid method of Seegmiller and Horecker (1951), using mannose instead of glucose. 

Glucose, fructose and mannose were purchased from Kerfoot and Co. 

Total hexose was determined by the anthrone method of Fairbairn (1953), after depro- 
teinization with the zinc sulphate—barium hydroxide method (Somogyi, 1952), which also 
removes all phosphorylated compounds. 

Fructose was measured by the method of Hers, Beaufays and de Duve (1953). 

Nitrogen was determined by a micro-modification of the method of McKenzie and 
Wallace (1954). 


RESULTS. 
Hexokinase. 


An incubation mixture was prepared, containing 0-1 ml. of 0-1 M MgCl, 
0-1 ml. of 0-05 M ATP, 0-1 ml. of 1 M potassium phosphate buffer pH 7-2, 
0-1 ml. of 0-033 M glucose or fructose, 0-2 ml. of 10 p.c. tissue homogenate 
in isotonic KCl, and water to 1 ml. Aliquots were removed at the begin- 
ning, and after 20 minutes’ incubation at 37° C., and protein and phosphate 
esters immediately removed by the zine sulphate-barium hydroxide treatment. 
The final concentration of hexose was 0-0033 M, or 60 mg. p.ec., which is 
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somewhat lower than the blood glucose and probably at least comparable 
with the intracellular hexose level at the site of hexokinase action. The final 
concentration of 0-1 M phosphate buffer resulted in a 90 to 95 p.c. inhibition 
of phosphatase activity, and gave maximal rates of hexose disappearance under 
the conditions of assay. 











TABLE 1. 
Hexose Phosphorylation at 37°C by Seminal Vesicle Tissue, mM per gm. Tissue per hour 
Hexoses alone Hexoses together 
Glucose | Fructose Glucose Fructose 
Mucosa 0-10 0-07 0-10 0-006 
Muscle 0-10 0-06 0-10 0-008 














In Table 1 are shown the mean rates of phosphorylation of the two hexoses, 
separately and together, as found in a representative series of experiments. The 
seminal vesicle muscle, remaining after the mucosa had been scraped off, was 
also homogenized in isotonic KCl and its hexokinase activity is included in the 
Table for comparison. At a hexose concentration of 0-0033 M, the rate of 
phosphorylation of glucose was about 14 times that of fructose. When both 
were present together at this concentration, the rate of glucose disappearance 
was virtually unchanged, whereas fructose disappearance was practically zero. 

For the spectrophotometric assay, the cuvettes contained 0-1 ml. of 0-15 M 
MgClo, 0-1 ml. of 0-004 M TPN, hexose as desired, 0-1 ml. of G6P dehydro- 
genase solution, 0-1 ml. of phosphohexoisomerase solution, 0-1 ml. of tissue 
extract, and 0-05 M glycylglycine buffer pH 7-2 to 2-9 ml. The control cuvette 
contained no tissue extract. The reaction was started by adding 0-1 ml. of 
0-05 M ATP, and the rate of increase in optical density at 340 my» taken as a 
measure of the hexokinase activity, using the figure of 6-22Xx10* for the molar 
extinction coefficient of reduced TPN. The incubation temperature was about 
27°C. It was not possible to use whole tissue extract owing to its turbidity, 
which was not constant due to settling. The tissue was therefore homogenized 
in isotonic KCl, ineubated 10 minutes at 37°C. in an attempt to destroy 
endogenous ATP by phosphatase activity, and centrifuged 60 minutes at 25,000 g 
at 0° C. to remove all particulate matter. This procedure gave hexokinase 
recoveries of about 95 p.c. in the supernatant fraction, assayed by the first 
method, and gave a water-clear preparation. However, this extract was unsatis- 
factory also, either because of small quantities of hexose and ATP remaining 
in it, or because of other systems reacting with TPN, for there was significant 
reduction of the latter even when no ATP or hexose was added. The solution 
was therefore dialysed overnight against a large volume of distilled water at 
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0° C., and the precipitate, containing the hexokinase, extracted with isotonic 
KCl. After centrifugation, the clear supernatant contained about 70 p.c. of the 
whole tissue hexokinase and there was now no TPN reduction unless the system 
was complete. In Table 2 are shown the rates of phosphorylation of glucose 








TABLE 2. 

Hexose Phosphorylation at 27°C by Dialysed Seminal Vesicle Extract, mM per gm. Tissue per hour 

Concentration Glucose Fructose 
0-03 M 0-05 0-06 
0-0033 M 0-04 
0-0017 M 0-025 
0-0011 M 0-05 
0-0008 M 0-015 
0-0006 M 0-045 
0-0001 M 0-03 
0-00006 M 0-025 
0-00002 M 0-01 











and fructose determined by this method, at several concentrations. Approximate 
Michaelis constants were glucose: 4X10°° M; fructose: 2X10° M; the much 
greater affinity of the enzyme for glucose confirmed the results found by the 
first method. As the experiments described in Table 2 were performed at a 
temperature about 10° C. lower than those of Table 1, they should be multiplied 
by a factor of about 2 for purposes of comparison. The behaviour of the enzyme 
with mannose was almost the same as with glucose. 


Phosphohexoisomerase. 


Whole tissue extract was incubated at 37° C. with 0-005 M G6P (con- 
taminated with about 5 p.c. F6P), which had been adjusted to pH 7-0 and the 
rate of conversion to F6P measured. The initial rate of isomerization was of 
the order of 4 mM per gm. tissue per hour, about 40 times the maximal rate of 
glucose phosphorylation found above. With 0-005 M G6P in 0-05 M glycyl- 
glycine buffer, the optimum pH was found to be about 8-8, and there was 
practically no activity below pH 5. With 0-05 M borate buffer, pH 8-0, the 
equilibrium was altered from 30 p.c. F6P to about 80 p.c. F6P, the net rate 
of formation of F6P from G6P was almost twice that with glycylglycine buffer, 
and the rate of formation of G6P from F6P was much diminished. This may be 
explained by formation of complexes between borate and F6P to a greater 
extent than with G6P (cf. Consden and Stanier, 1952, for the free sugars). 
Assuming the equilibrium mixture to be the resultant of these two opposing 
reactions, then the true rate of action of the isomerase on pure G6P would 
probably be about twice that found with the contaminated sample used, i.e., 
about 8 mM per gm. tissue per hour. 
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Phosphatases. 


Fig. 1 shows typical results for the relationship between pH and the rate 
of liberation of inorganic phosphate from incubation media originally containing 
0-005 M G6P or F6P, with 0-05 M ammonium 


acetate as buffer: 0-1 ml. of a fresh 5 p.e. 





homogenate of seminal vesicle mucosa in 
0-156 M KCl was added to 2 ml. substrate, 
. and incubated from 3 to 30 minutes at 37° C., 
depending on the pH. It appeared from the 
graph that there were two components, an 
2 alkaline phosphatase with optimum pH about 
9-4 with a slightly more rapid action on F6P, 
and an acid phosphatase, optimum pH about 
' 5-0, acting on F6P about ten times as rapidly 
as on G6P. The characteristics of the two 








phosphatases were investigated separately. 





4 4 Se = Alkaline phosphatase. The seminal vesicle 
Fig. 1. Liberation of inorganic mucosa of 6 animals (4 gm.) was allowed to 
phosphate from F6P (upper autolyse for 48 hours and the supernatant 
curve) and G6P (lower curve) z : : 
by a homogenate of seminal fractionated with acetone, according to the 
vesicle mucosa. ™ . 

Abscissa is pH, ordinate is method of Neguyen-van-Thoai, Roche and 
phosphate liberation, mM per g, Roger (1947); the fraction containing the 


tissue per hour. 


alkaline phosphatase precipitated at —5° C. 
between 25 and 40 p.c. acetone. This fraction was used without further purifica- 
tion as it was free from phosphohexoisomerase activity. Table 3 shows its action 
against G6P, F6P, M6P and £-glycerophosphate, with pH optima and Michaelis 
constants. It appeared that while there were some differences among the sub- 
strates, they were of a minor nature. The maximal rate of action on F6P varied 
in different preparations within the range of 2 to 4 mM per gm. tissue per 
hour. 


TABLE 3. 
Characteristics of Seminal Vesicle Alkaline Phosphatase 





Maximal activity 





Substrate pH optimum Michaelis constant | mM P per gm. tissue 
per hour 
B-glycerophosphate 9-6-9-7 4x10-*M 2-1 
Glucose-6-phosphate 9-2-9-4 3x 10-4 M 2-1 
Mannose-6-phosphate 9-2-9-4 3x10-*M 2-4 
Fructose-6-phosphate 9-2-9-4 3x10-*M 2-7 
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The preparation as isolated was not activated by magnesium ions up to a 
final concentration of 0-05 M. At pH 9-2 it was inhibited 70 p.c. by 10° M 
beryllium sulphate, 90 p.c. by 10° M beryllium sulphate, and 30 to 40 p.c. by 
10° M cyanide, molybdate, cysteine and ethylenediamine tetraacetate. Fluoride 
was without effect. At pH 7-2, there was no inhibition by beryllium sulphate 
at a concentration of 10° M, and only 30 p.c. inhibition by 10% M. 0-1 M 
phosphate inhibited at least 90 p.c. at all pH levels investigated. 

Acid phosphatase. Due to the very low activity of phosphohexoisomerase 
below pH 5, it was unnecessary to isolate the acid phosphatase in order to 
determine its relative activity against the two hexose phosphates. At pH 4:8 its 
activity against 0-005 M F6P ranged from 0-4 to 0-6 mM per gm. tissue per 
hour in different animals, and the Michaelis constant was approximately 
7X10% M. The action against G6P was about 0-05 mM per gm. tissue per hour, 
about one-tenth of that against F6P. 

This enzyme was completely inhibited at pH 5 by 10° M fluoride and 
molybdate, and was not affected by similar concentrations of ethylenediamine 
tetraacetate, cysteine, cyanide or beryllium sulphate. It was inhibited about 
90 p.c. by 0-1 M phosphate. 

Distribution of phosphatases within the cell. Homogenization in 0-25 M 
sucrose at 0° C., followed by fractional centrifugation according to Schneider 
(1948) gave the distribution shown in Table 4. It appeared that the alkaline 








TABLE 4. 
Distribution of Phosphatase Activity in Cell Fractions, p.c. of Total Recovery 
Activity at Activity at Activity at 
Fraction pH 5-0 pH 7-0 pH 9-4 Total N 
Nuclear 8 11 10 26 
Mitochondrial 33 22 15 8 
Microsomal 34 45 64 21 
Soluble 25 22 11 45 

















phosphatase may well be localized in the microsome fraction; the 10 p.c. in the 
nuclear and 15 p.c. in the mitochondrial fractions could be due to contamination, 
and the 10 p.ec. remaining in the soluble fraction may have been released by 
damage to the particles during preparation; it was not sedimented by 30 minutes 
at 100,000 g. It was not possible to assign a definite locus to the acid phosphatase; 
it was certainly far more concentrated, on a nitrogen basis, in the mitochondrial 
fraction, and possibly its occurrence in microsomal and soluble fractions resulted 
from damage during preparation. In some experiments, its total recovery 
exceeded 100 p.c., in comparison with the original homogenate. These findings 
are very similar to those of Berthet and de Duve (1951), on the acid phosphatase 
of rat liver, both as regards the occurrence in mitochondria and the increased 
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activity following maltreatment. This increase in activity is also reminiscent 
of the activation of ATPase following mitochondrial damage. 


Pieces of seminal vesicle were fixed in cold acetone, embedded in paraffin, 
cut at 5 » and stained for acid and alkaline phosphatase as described by Pearse 
(1953). The alkaline phosphatase activity was localized in the region of the 
free border of the cell, with almost no browning elsewhere with short incubation 
periods (1 to 2 minutes at 37° C. was adequate, using 0-05 M G6P as substrate 
at pH 9-4). Acid phosphatase activity was distributed more or less throughout 
the cell, but no conclusions can be drawn from this as there is no guarantee that 
the lead phosphate is deposited exactly at the site of liberation of the inorganic 
phosphate ions. Using Baker’s trichrome stain (1950), the mitochondria were 
seen to be distributed throughout most of the cell also. This is compatible with 
the mitochondrial oceurrence of the acid phosphatase, but is in no way indicative 
of this. 


Activity in the physiological pH range. Finally, an attempt was made to 
determine the relative activities of the two phosphatases in the physiological 
pH range, at physiological substrate concentrations. The incubation mixture, 
containing 0-005 M substrate and 0-05 M ammonium acetate, was adjusted to 
the required pH immediately before use with a glass electrode pH meter, using 
HCl or NaOH, and pH activity curves of the type shown in Fig. 1 were obtained. 
In view of the small pH change caused by the hydrolysis of about 5 p.c. of the 
substrate (pK, 6-1) to orthophosphate (pKz 6-8) (Kumler and Eiler, 1943), 
adequate buffering was provided by the substrate in the region of neutrality. 
The ammonium acetate, which conferred little buffering power around pH 7, 
was effective in the acid and alkaline ranges. Several other buffers, used in 
an attempt to stabilize the pH better in the region of neutrality, were unsuitable 
either because of an unfavourable pK value, or because they caused inhibition 
of one or other enzymes. In the first group were diethylbarbituriec acid, 
tris(hydroxymethyl)aminomethane, glyeylglycine and boric acid, whilst maleic 
acid and imidazole were inhibitory and histidine appeared stimulatory in com- 
parison with ammonium acetate. Using glycine as buffer, almost the same rate 
of hydrolysis of the hexose phosphates was obtained as with ammonium 
hydroxide, at the same pH, and so glycine buffers were used for the detailed 
investigation of the alkaline phosphatase around its optimum pH, where their 
lack of volatility was an advantage. They were preferred to borate, which 
seemed somewhat inhibitory above pH 9, possibly due to the formation of 
complexes with the sugar moiety. 

To dissociate the actions of the two phosphatases, pH activity curves for 
the whole mucosal homogenate were determined against the hexose phosphates 
alone, and in the presence of 0-01 M fluoride to inhibit the acid component. 
The curves are shown in Fig. 2, with substrates of 0-005 M G6P, F6P, and their 
equilibrium mixture containing 30 p.c. F6P. The activity in the presence of 
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Fig. 2. Liberation of inorganic phosphate by a homogenate of seminal vesicle mucosa 
from a) mixture of 30 p.c. F6P and 70 p.c. G6P, b) F6P, c) G6P. 
———_ No inhibitors present. 
teteeeee 0-01 M NaF present. 
*. 0-001 M BeSO, present. 
auc eet Loss of activity caused by fluoride. 


In all figures, abscissa is pH, ordinate is phosphate liberation, mM per g, tissue per hour. 


fluoride is very similar for the three substrates, and shows a steadily progressive 
increase with rise in pH from 4-4 to 9-4, the shape of the curve resembling very 
closely that of the purified alkaline phosphatase. It therefore appears that the 
acid phosphatase has indeed been completely inhibited, and that the residual 
phosphate liberation is due to the alkaline phosphatase alone. The loss of 
activity due to fluoride, which is insignificant above pH 8, is therefore a measure 
of the acid phosphatase activity, and is also shown in Fig. 2. 

Using the equilibrium mixture (which contains 30 p.c. F6P) as substrate, 
50 p.e. of the total hexose liberated by the whole homogenate was free fructose, 
at pH 4-8. This proportion fell with increase in pH as far as pH 7, above 
which it remained constant at 35 p.c. As the total hydrolysis did not exceed 
10 p.e. of the total available substrate, this slight preferential liberation of fruc- 
tose would not lead to a significant change in the proportions of the F6P and 
Q6P remaining in the mixture and so we may ignore the presence of the 
isomerase in the homogenate. The optimum pH of 5-8 found for the acid 
phosphatase with this substrate (Fig. 2a) is therefore probably a true figure. 
With an initial substrate of pure F6P, more G6P will be formed in a given 
time the higher the pH, because of the pH activity curve of the phosphohexoiso- 
merase. As the action of the acid phosphatase is so much slower on G6P than on 
F6P, this is equivalent to a progressive decrease in the effective substrate con- 
centration with rise in pH, with a consequent diminution in activity also. This 
causes a shift in the apparent pH optimum towards the acid side, in fact to 4-8 
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(Fig. 2b). An opposite, but smaller, effect is seen with G6P as substrate; here 
the apparent optimum is 6-0 (Fig. 2c). 

In Fig. 2b is also shown the inorganic phosphate liberation from 0-005 M 
F6P, in the presence of 0-001 M beryllium sulphate. The inhibition is manifest 
only above pH 8, and increases rapidly to about 90 p.c. at the optimum pH of 
the enzyme. It is even less marked than with the purified alkaline phosphatase 
at the lower pH levels, for there is no effect at all at pH 7-0 to 7-5. This curve 
suggests that caution should be employed in assuming that the in vivo effects of 
beryllium are due to inhibition of alkaline phosphatase. 


Metabolic activity of whole tissue homogenates. 


To verify that the homogenates as prepared for the phosphatase determina- 
tions had not suffered such extensive damage that a key enzyme (e.g., a specific 
fructose-6-phosphatase) had been destroyed, similar homogenates were incubated 
with glucose under aerobic conditions, and fructose synthesis was demonstrated. 
2-oxoglutarate was provided as an additional substrate, as it had been shown to 
cause marked stimulation of the respiration of this tissue (Humphrey and 
Robertson, 1953). Yeast hexokinase (stage 3b of Berger, Slein, Colowick and 
Cori, 1946) was also added, so that an estimate of the P:O ratio could be made. 

Manometer cups were prepared to contain 0-1 ml. of fresh 0-1 M 2-oxoglu- 
tarate, 0-025 ml. of hexokinase solution, 0-025 ml. of 1 M glucose, 0-05 ml. of 
0-1 M MgCle, and 0-4 ml. of 0-156 M KCl, with 0-05 ml. 20 p.c. KOH in the 
centre well, and they were kept on ice. The seminal vesicle mucosa was then 
homogenized in 4 volumes of ice-cold 0-156 M KC1-0-031 M potassium phosphate 
pH 7-5, which was made 0-02 M with potassium bicarbonate immediately before 
use, so that the final pH of the homogenate was about 7-0. A portion of the 
fresh homogenate (0-4 ml., containing about 2-4 mg. total nitrogen) was added 
to each manometer cup, and incubation at 37° C. commenced within 10 minutes 
of the death of the animal. The gas phase was air. At the end of the period of 
observation, the reaction products were fixed by addition of 0-1 ml. of 72 p.e. 
perchloric acid from the side-arm of the flask. 

Oxygen uptake was approximately linear for 10 to 20 minutes, then Qo, 
(N) of 90. Under these conditions, in 30 minutes, about 1 »M free fructose 
accumulated per mg. tissue N, and about 0-2 to 0-4 »M esterified fructose per 
mg. tissue N. The great majority of the fructose was therefore in the free state, 
showing that the entire enzymic apparatus necessary for its synthesis was 
present in the homogenate. Qo, (N) was diminished to about 30 in the presence 
of 0-01 M fluoride and to about 60 with 0-004 M beryllium sulphate, and in each 
ease it fell off more rapidly from the linear rate. At best, each of these can 
inhibit only one of the two phosphatases, and so after 30 minutes, the majority 
of the fructose was again in the free state. When the incubation mixture con- 
tained 0-1 M inorganic phosphate, the only inhibitor effective against both 
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phosphatases, the oxygen uptake was linear for up to 45 minutes, with a Qo, (N) 
of about 50. The accumulation of free fructose in 30 minutes was reduced to 
0-25 »M per mg. tissue N, while the esterified fructose increased to 0-7 »M per 
mg. tissue N; there was marked, but incomplete, inhibition of the phosphatase 
activity. In view of the great activity of the isomerase (equivalent to at least 
60 »M per mg. tissue N in 30 minutes) F6P and G6P would be close to equili- 
brium, in the proportions of 30 to 70. Over the 30-minute period, assuming 
that all the combined fructose was in the form of F6P, the accumulation of total 
hexose phosphate was about 2-3 »M per mg. tissue N, corresponding to an oxygen 
uptake of 25 ul., or 2-2 microatoms. This represents a P:O ratio of about 1-0, 
which is a minimum figure only. The phosphatase inhibition was not complete, 
shown by the presence of more than 25 p.c. of the fructose in the free state, 
and no doubt other compounds, e.g., ATP, would also have been destroyed in a 
similar way. 


DISCUSSION. 


The mucous membrane of the seminal vesicle of the guinea-pig has been 
shown to contain hexokinase capable of esterifying 0-1 mM of glucose per gm. 
tissue per hour at pH 7-2. As the mucous membrane of the adult animal weighs 
from 0-3 to 1-0 gm. this corresponds to about 100 to 400 mg. per animal per 
day. This would allow the formation of at least 100 to 200 ml. of secretion per 
animal per day if it was all converted into fructose, whose concentration in the 
secretion is from 100 to 150 mg. p.c. This is many times the maximal possible 
secretion, and there is therefore ample reserve available for the other functions 
of the gland. The hexokinase appears to be similar in its properties to that 
described in mammalian muscle by Slein, Cori and Cori (1950), which reacts 
with all three hexoses, but has much greater affinity for the aldoses. It also 
resembles very closely the brain hexokinase of Sols and Crane (1954), who 
found Michaelis constants of 1-6x10-? M and 8x10° M for fructose and glucose 
respectively as against 2X10 M and 4X10°5 M in the present investigation. A 
further similarity is in the ratio of the maximal phosphorylation rates of fructose 
and glucose, which are 1-5 for the brain hexokinase, and about 1-3 for the 
seminal vesicle. 

As the affinity of the enzyme is so much greater for glucose, than with an 
equal or even greater concentration of fructose, only the glucose is attacked. It 
is not necessary to postulate a specific glucose-kinase, such as is described by 
Cardini (1951) for Escherischia coli, and Klein (1953) for Pseudomonas putre- 
faciens, and indeed there is no evidence for its presence in the seminal vesicle. 
The relative activity against glucose and fructose in the crude tissue homogenate 
was the same as in the sample used for the spectrophotometrie assay, which had 
been subjected to several different purification steps. 

A great excess of phosphohexoisomerase was present, equivalent to at least 
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4 mM of glucose-6-phosphate transformed per gm. tissue per hour, i.e., 40 times 
the hexokinase activity. There could be no possible hold-up at this stage. 

Whilst the acid phosphatase is so much more active against fructose-6- 
phosphate than glucose-6-phosphate, it appears from the effects of fluoride that 
at pH 7 at least 70 p.c. of the phosphatase activity is due to the alkaline phospha- 
tase. Also, the distribution of total phosphatase activity at pH 7-0, among the 
subcellular fractions, is neither that of the acid phosphatase (measured at pH 
5:0) nor that of the alkaline phosphatase (measured at pH 9-4), but is inter- 
mediate between them (see Table 4). This provides further evidence that both 
enzymes are active in the vicinity of neutrality. At pH 7-0 the total activity 
against glucose-6-phosphate is about 70 p.c. of that against fructose-6-phosphate. 
The figures for liberation of the two hexoses from the equilibrium mixture (30 p.e. 
F'-6-P, 70 p.c. G-6-P) show a slight bias only in favour of fructose, which forms 
about 35 p.c. of the liberated hexose. With the same substrate at pH 4:8, 
where the majority of the phosphatase action would be due to the acid phos- 
phatase, whose action on pure fructose-6-phosphate is 10 times as rapid as on 
pure glucose-6-phosphate, fructose represents only about 50 p.c. of the total 
liberated hexose. This indicates that there is some competition by the two hexose 
phosphates for the enzyme, so that its specificity is much reduced under con- 
ditions in vivo. At pH 7, the fluoride insensitive (alkaline phosphatase) activity 
is about 0-2 to 0-4 mM phosphate liberation per gm. tissue per hour, and the 
fluoride sensitive (acid phosphatase) activity about 0-1 to 0-15 mM per gm. 
tissue per hour, in each case with the equilibrium mixture of hexose phosphates 
as substrate. The total phosphatase activity is thus far in excess of the hexo- 
kinase activity (0-1 mM per gm. tissue per hour). No confirmation of the 
relative contributions of the acid and alkaline phosphatases to the activity at 
pH 7 could be obtained by using specific inhibitors for the alkaline component, 
as the most promising of these, namely beryllium salts, proved to be inhibitory 
only at high pH values. 

In the entire series of experiments, no evidence was found for a phosphatase 
with a pH optimum in the vicinity of 6-5 to 7, as described by Kuhlman (1954) 
on the basis of histochemical tests in the rat seminal vesicle. While it is possible 
that there is an enzyme so labile that even the mild preparative procedures 
described above would lead to its complete inactivation, it is unlikely that any 
significant enzyme of the fructose synthesizing system was inactivated, in view 
of the rapid liberation of free fructose by the whole homogenate when incubated 
with glucose. This amounted to 0-3 mM fructose per gm. tissue per hour under 
the conditions of incubation, equivalent to about one litre of secretion per animal 
per day. . 

It may be concluded, therefore, that the enzyme finally responsible for the 
liberation of free fructose is the phosphatase, whose action is relatively non- 
specific. The specificity of the reaction, leading to the recycling of the glucose 
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and rejection of fructose, is due to the hexokinase, which has a relatively low 
affinity for fructose. 

The present series of experiments does not throw any light on the actual 
intracellular site of fructose liberation. This may be in or close to the mito- 
chondria, at the source of phosphorylation energy, and mediated by the acid 
phosphatase. Alternatively, it may be at the free border of the cell mediated by 
the alkaline phosphatase found there in such high concentration. Further 
experiments are in progress in an attempt to solve this problem. 


SUMMARY. 


The hexokinase activity of the seminal vesicle mucosa of the guinea-pig at 
37° C. is equivalent to 0-1 mM glucose per gm. tissue per hour, and 0-07 mM 
fructose per gm. tissue per hour, at pH 7-2 with hexose concentrations of 0-003 M 
(60 mg. p.ec.). The Michaelis constants are glucose 4x10°5 M, fructose 2X10? M. 
In the presence of glucose, fructose phosphorylation is very slight. 

Phosphohexoisomerase activity is equivalent to 4 mM per gm. tissue per 
hour, with a substrate of glucose-6-phosphate. 

There are two phosphatases in the gland. An alkaline phosphatase, with 
optimum pH about 9-4, acting slightly faster on fructose-6-phosphate than on 
gluecose-6-phosphate, is localized at the free border of the cell and seems to 
sediment in the microsome fraction of the cell. An acid phosphatase, optimum 
pH about 5-8, acts 10 times as rapidly on fructose-6-phosphate as on glucose-6- 
phosphate. It is generally distributed throughout the cell, and sediments in 
the highest concentration in the mitochondrial fraction of the cell. At pH 7, 
about 70 p.c. of the phosphatase activity is due to the alkaline phosphatase. 

The liberation of fructose is caused by the (relatively) nonspecific phospha- 
tase, and the glucose simultaneously liberated is reutilized. This is made possible 
by the hexokinase, which will not affect fructose in the presence of glucose. 
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